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AN INTEGRAL EQUATION FORMULATION FOR PREDICTING
RADIATION PATTERNS OF A SPACE SHUTTLE
ANNULAR SLOT ANTENNA 1
By J. Earl Jones and J. H. Richmond 2
Langley Research Center
SUMMARY
A synopsis is presented of a recently developed, integral equation formulation for
predicting radiation patterns of thin axial slot antennas mounted on an infinitely long,
perfectly conducting cylinder of arbitrary cross section. The method is applied to com-
pute radiation patterns in both the pitch and roll planes of a thin VHF/UHF (very high
frequency/ultra high frequency) annular slot communications antenna operating at several
locations in the nose region of the Space Shuttle orbiter. Digital computer programs used
to compute radiation patterns are also given and the use of the programs is illustrated.
Experimental verification of computed patterns is given from measurements made on
1/35-scale models of the orbiter.
The results indicate that even when formulated for two-dimensional bodies, the inte-
gral equation formulation is useful for predicting principal plane radiation patterns of
antennas mounted on moderate to large electrical size bodies such as the Space Shuttle
orbiter. The upper limit of the perimeter of the body is dependent on the size of the digi-
tal computer used to make the computations. For the computer employed, the maximum
perimeter was found to be from 30 to 36 wavelengths.
INTRODUCTION
The Space Shuttle is a reusable NASA vehicle that is expected to receive consider-
able attention in the forthcoming decade. The motivation for the development of the Space
1This work was supported in part by the National Aeronautics and Space Administra-
tion, Langley Research Center, Hampton, Virginia 23665, under Grant NGL-36-008-138 to
the ElectroScience Laboratory, The Ohio State University, Columbus, Ohio 43212. Part
of this work was also presented at the 1972 International Antenna and Propagation Sympo-
sium in Williamsburg, Virginia, December 11-15, 1972.
2 professor of Electrical Engineering, The Ohio State University, Columbus, Ohio.
Shuttle is the reduction in cost of launching spacecraft into earth orbit and the transporta-
tion of men and supplies to and from orbiting space stations. Reusability is achieved by
allowing the vehicle to take off like a rocket and to land like an airplane. Thus, the Space
Shuttle will require a large number of antennas, since aircraft-type landing and navigation
antennas will be needed in addition to the usual spacecraft antennas. Moreover, since the
vehicle surface will be at extreme temperatures during atmospheric reentry, antenna
locations must be selected in regions where minimum temperatures are anticipated, as
well as in regions where structural impact is minimal.
Space Shuttle antennas must possess specific performance characteristics, that is,
radiation patterns, impedance, and so forth, in order for desired mission objectives to be
achieved. A purely experimental design approach for one antenna would be to (a) construct
many scale models of the orbiter, each model containing a proposed antenna geometry at a
proposed location, (b) conduct performance measurements, and (c) conclude by selecting
the geometry and location giving the most desirable data. However, for Space Shuttle
antenna design, this approach has two disadvantages: (a) excessive time and cost are
required to construct many models and to conduct many measurements, and (b) changes
in the geometry of the vehicle, which is currently only in early design stages, would
necessitate the construction and testing of new models to determine whether the antenna
performance remains adequate.
A more desirable approach to Space Shuttle antenna design would be to apply theo-
retical methods which would provide some indication of antenna performance. Easily
adaptable to a digital computer, such methods could then be used to compute antenna per-
formance for a wide variety of conditions of antenna geometry and location on the vehicle
surface. The design parameters yielding desirable theoretical performance data could
then be used to construct a scale model for final checkout. Not only are excessive model
construction and testing avoided in this approach, but also the time required to ascertain
the influence of a vehicle geometry design change is significantly reduced.
The two basic theoretical methods believed to provide the most useful insight into
Space Shuttle antenna design are (a) the integral equation formulation (IEF) (refs. 1 to 5)
and (b) the geometrical theory of diffraction (GTD) (refs. 6 to 9). Both IEF (refs. 10 to 12)
and GTD (refs. 13 to 16) have recently been used with success in the design of spacecraft
and aircraft antennas, and the advantages and limitations of each method are well-
documented (ref. 17). Even though GTD and IEF are inherently useful for analyzing
antennas mounted on electrically large and electrically small bodies, respectively, the
nature of the Space Shuttle antenna design will require the application of both methods.
Furthermore, since there is usually a range of body electrical size for which both GTD
and IEF are applicable (ref. 17), the use of both methods serves as a check case.
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In this paper, an IEF recently developed by Richmond (ref. 5) hereafter designated
as the "Richmond Integral Equation Formulation" (RIEF), is briefly described and applied
to predict radiation patterns in both the pitch and roll planes of a thin VHF/UHF annular
slot communications antenna operating at several locations in the nose region of the Space
Shuttle orbiter. Radiation patterns computed by RIEF are given for selected cases.
Experimental verification for RIEF is given from radiation pattern measurements made
with 1/35-scale models of the Space Shuttle orbiter, and the merits and limitations of
RIEF for Space Shuttle antenna design are discussed.
The digital computer programs used for computing radiation patterns are given in
appendix A. Finally, an example illustrating the use of the programs is given in
appendix B.
SYMBOLS
a mean radius of annular slot
dI  inner diameter of annular slot
dM mean diameter of annular slot
dn length of segment n
dO  outer diameter of annular slot
E electric field vector in annular slot aperture
Ei electric field radiated by strip vee dipole i
E radiation field
[I] N x 1 (column) matrix of unknown dipole mode currents
In current per unit length at point Pn
i index of point, segment, strip vee dipole
JDn surface current density along strip vee dipole n
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Jn surface current density along segment n
j index of point, segment, strip vee dipole
k free-space propagation constant
N number of points, number of segments, number of strip vee dipoles,
number of simultaneous equations
N' number of coarse points
n index of point, segment, strip vee dipole
n1 ,n 2 ,n 3 ,n 4 ,n 5  dimensioning integers
Pn point of intersection between segments n - 1 (segment N for n = 1
and n
9n orientation unit vector of segment n
tj distance from point Pj-1 along strip vee dipole j
tn distance along segment n from point Pn
tn- 1  distance along segment n-i from point Pn-1
[V] N x 1 (column) excitation matrix
Vn voltage of point Pn
x,y distances along X- and Y-axes
x,y vector notation for X- and Y-axes
Xn,Yn distances of point Pn along X- and Y-axes
[Z] N x N matrix of impedance coefficients
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Zij free-space mutual impedance between strip vee dipole i and strip vee
dipole j
o'n, 3n direction angles of segment n
X free-space wavelength
0 reference angle
op pitch-plane reference angle
Or roll-plane reference angle
CONFIGURATION
An annular slot antenna having an inner diameter of 48.37 cm and an outer diameter
of 58.31 cm and radiating over the frequency range of 150 to 400 MHz is to be considered
for operation at the points A, B 1 , and B 2 , as fndicated in figure 1 on a diagram of the
Space Shuttle orbiter. The roll and pitch planes in which radiation patterns are to be
determined, as well as the roll-plane reference angle Or and the pitch-plane reference
angle Pp, are also defined in figure 1. Roll-plane patterns are to be obtained for the
annular slot excited at A (designated as case 1 throughout this paper) and at B 1 (case 2),
and simultaneously excited at B 1 and B 2 (case 3). Pitch-plane patterns are also to be
obtained for the annular slot excited at A (case 4).
Since the orbiter is electrically large over the required operating frequency range,
a reasonable approximation is to assume the roll-plane pattern to be the pattern produced
by an annular slot located on an infinitely long, perfectly conducting cylinder of the same
cross section as the cross section of the orbiter in the plane containing the points A, B 1 ,
and B2 and perpendicular to the longitudinal axis of the orbiter. Similarly, it is reason-
able to assume the pitch-plane pattern to be the pattern produced by an annular slot
located on an infinitely long, perfectly conducting cylinder having the same cross section
as the cross section of the orbiter in the plane containing point A and the longitudinal axis
of the orbiter. However, since the size of the orbiter in the pitch plane exceeds the limi-
tations of RIEF, a foreshortened approximation (to be explained later) is used for the
pitch-plane cross section in order to make pattern computations.
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INTEGRAL EQUATION FORMULATION
Richmond (ref. 5) has recently developed a Galerkin's method IEF solution (RIEF)
and a user-oriented digital computer program for computing the radiation pattern of one
or more axial slot antennas mounted on a conducting cylinder of infinite length and arbi-
trary cross section. The slot antennas may be either narrow (with infinitesimal width) or
wide (with finite width). For simplicity, application of RIEF in this paper is for several
narrow axial slots mounted on a perfectly conducting cylinder, the geometry of which is
shown in figure 2. The electromagnetic field is assumed to be transverse electric (TE)
to the cylinder axis; thus, the radiation field consists of only the Ep component. A
synopsis of RIEF is given in this paper; further details are given in reference 5.
In RIEF, the cylinder cross-section profile is initiallysubdivided into a specified
number N of straight segments, as shown in figure 2. The point of intersection
Pn (n = , 2, .. ., N) of any two adjacent segments 3 n and n + 1 is regarded as a
"delta gap" across which a known voltage Vn may exist for excitation of the structure.
Points for which Vn # 0 are interpreted as narrow axial slots so that in the subdivision
process any narrow axial slot on the cylinder is required to be located at a point of
intersection.
Segment n (n = 1, 2, . .. , N) is characterized by the end points Pn = (xn,Yn)
and Pn+1 = (xn+l,Yn+l), segment length dn = [(xn+l - xn)2 + (Yn+1 - yn)2]1/2, and
orientation unit vector Sn = cos an^ + cos ony directed from Pn to Pn+1, where
cos a n = (xn+1 - xn)/dn and cos ,n = (yn+l - Yn)/dn. For accurate radiation pattern
computations, all segments should be no greater than X/4 in length where X is the free-
space wavelength. Accuracy is enhanced, however, if the length is moderately shorter than
X/4, especially for segments close to a narrow axial slot.
Any two adjacent segments represent the arms of a strip vee dipole; in particular,
segments n - 1 and n constitute strip vee dipole n, as indicated in figure 2. In all,
there are N overlapping strip vee dipoles. A useful representation for the surface
current distribution on dipole n is the piecewise sinusoidal representation
sin ktn-l
Dn(t) = Isin kd1 n-1 (0 tn-1 dn) (la)
sin k(dn 
- tn)
JDn(t) = In si n kdn (0 tn dn) (lb)
sin kdn
3 Since the array of segments in figure 2 is a closed array of segments, the index
n + 1 must be replaced by 1 for n = N, and the index n - 1 must be replaced by N
for n=1.
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where tn- 1 is the distance from Pn-1 along segment n - 1 and tn is the distance
from Pn along segment n, and where k = 2n/X. From equations (1), the resultant
surface current distribution on segment n is given by
[In+l sin ktn + In sin k(dn - tn)] d) (2)Jn(t) = sn (0 tn dn) (2)
sin kdn
where tn is the distance from Pn along segment n.
The end point surface current densities In (n = 1, 2, . .. , N) which are unknown
quantities are determined by solving the system of N simultaneous equations
[Z][I] = [V] (3)
where [Z] is a N x N impedance coefficient matrix which can be determined (ref. 5),
[I] is the N x 1 (column) matrix of unknown dipole mode currents, and [V] is the
N x 1 (column) excitation matrix, the elements of which are nonzero only for actual
slots. The Zij (i,j = 1, 2, . . ., N) in [Z] physically represent the free-space
mutual impedance between strip vee dipole i and strip vee dipole j under the condi-
tion for which the current distribution on each dipole is piecewise sinusoidal. Thus,
ZiJ - Ei(tj- 1) Dj(tj-)dtj - 1 + i(tj) Dj(tj)dt (4)
where Ei is the electric field radiated by dipole i due to the current distribution JDi
given by equations (1) and evaluated on the surface of dipole j (the surface of and points
interior to dipole j are assumed to be replaced by free space), JDj is also given by
equations (1), and tj is the distance from Pj_ 1 along segment j. Details for com-
puting Zij are given in reference 5.
The solution for [I] yields the coefficients In needed in equation (2) for the
computation of the current distribution on the cylinder. Standard techniques are then
employed to compute the radiation field Ep. Patterns are computed with the coordinate
origin 0 as the phase center.
REPRESENTATION OF AN ANNULAR SLOT
In order for the roll- and pitch-plane patterns of the annular slot in figure 1 to be
computed, subject to the approximations given, the radiation pattern of a thin annular slot
located on an infinitely long, perfectly conducting, noncircular cylinder must be computed
in a plane perpendicular to the axis of the cylinder and containing the center of the
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annular slot, as shown in figure 3. Under the assumption that the field in the annular
slot aperture is transverse electric and magnetic (TEM) to the aperture, E on any
radial line of the slot aperture is equal in amplitude and opposite in phase to E on the
diametrically opposite radial line. Consequently, application of RIEF for narrow axial
slots requires that the annular slot be simulated, as shown in figure 3, by an equivalent
array of two infinitely long, antiphase narrow axial slots of equal amplitude, and spaced
by the distance dM = (dI + dO)/2, where dI and dO are the inner and outer diameters,
respectively, of the annular slot.
EXPERIMENTAL MODELS
Two 1/35-scale models were constructed for obtaining radiation patterns experi-
mentally. The first model, shown in figure 4, is a cylindrical model having a cross sec-
tion similar to the cross section of the orbiter in the roll plane. The second model,
shown in figure 5, is a three-dimensional model with the side and front views clearly
showing the pitch- and roll-plane cross-section profiles, respectively. For the scale
models, the annular slot inner diameter scales to 1.382 cm and the outer diameter scales
to 1.666 cm, and the frequency range 4 of 150 to 400 MHz scales to 5.250 to 14.000 GHz.
For each model, the location of the annular slot antenna corresponds to point A of figure 1;
consequently, the cylindrical model may be used to obtain radiation patterns only for
case 1 and the three-dimensional model may be used to obtain radiation patterns only for
cases 1 and 4.
Since RIEF is directly applicable only for two-dimensional models, the purpose of
the cylindrical model is to verify RIEF experimentally. The infinitely long cylinder
assumed in RIEF is simulated experimentally by a cylinder of length 39.04 cm, as shown
in figure 4. This length is 6.83 wavelengths at the lowest desired scaled frequency of
5.250 GHz.
NUMERICAL COMPUTATIONS AND EXPERIMENT
RIEF was applied to obtain computations of the radiation patterns for cases 1 to 4.
Computations were made over the scaled frequency range for the 1/35-scale model. For
each pattern computation, only a coarse number N' (N' s N + 1) of points were initially
specified. The remaining points Pn, particularly those in the shadow region of the
slot(s), were automatically selected with the aid of a spline curve fit procedure. This
procedure not only reduces the number of input data points but also is desirable in order
4In this paper, frequencies given in GHz refer to the 1/35-scale models; and those
given in MHz refer to the full-scale structure.
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that a smooth profile be obtained, since in most cases the points must be read graphically
from drawings and inaccuracies in profile smoothness often result.
The digital computer programs which were used to obtain radiation pattern compu-
tations are given in appendix A. An example illustrating the use of the programs is given
in appendix B.
The upper limit of the perimeter of a cylinder which can be analyzed with RIEF is
dependent on the storage capacity of the computer used to obtain computations, which, in
this paper, were made on a Control Data Corporation 6600 computer at NASA Langley
Research Center. It was found that for this computer and for the auxiliary plotting pro-
grams employed, the maximum number of simultaneous equations which could be solved
without exceeding storage capacity was 180. Under this condition, the upper limit of the
perimeter is from 30 to 35 wavelengths, and the running time for a typical pattern
(10 increments) is about 100 seconds.
Roll-Plane Radiation Patterns
The roll-plane cross section in the plane containing the points A, B 1 , and B 2 is
described for case 1 by 154 points shown in figure 6. When these points are connected,
a polygon of perimeter 70.58 cm is formed, and 154 simultaneous equations are solved to
compute the radiation pattern.
The geometry for cases 2 and 3 is shown in figures 7 and 8, respectively. The
point locations in figures 7 and 8 are similar to the point locations in figure 6, except that
in figures 7 and 8 additional points were added in the vicinity of the sources. This proce-
dure is necessary to obtain more reliable data for cases 2 and 3. The perimeter, num-
ber of points and simultaneous equations, the scaled coordinates of the center of the annu-
lar slots, and the scaled coordinates and voltage strengths of the equivalent axial slots
are conveniently presented for each case in table I.
Experimental verification for the roll-plane patterns was achieved with measure-
ments made on both experimental models at 10.900 GHz (311.4 MHz). The results are
given in figure 9 where a comparison with theory is given. Computed radiation patterns
for cases 1 to 3 over the range of 5.250 to 13.125 GHz (150 to 375 MHz) are presented in
figure 10.
Pitch-Plane Radiation Patterns
Computations of the pitch-plane patterns (case 4) are more difficult, since the
perimeter of the pitch-plane cross-section profile varies roughly from 60 to 150 wave-
lengths over the desired frequency range. Under this condition, application of RIEF would
require the solution of a minimum of 300 simultaneous equations, a number which leads to
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excessive computer storage requirements. The profile electrical size would indicate
GTD to be a more useful approach for this computation. Unfortunately, GTD is not easily
applicable to this profile, since practical use of GTD is limited currently to profiles con-
vex in shape.
However, since patterns are of interest primarily in the lit region and in the for-
ward direction, the portion of the pitch-plane cross-section profile from the back of the
cockpit to the tail may be ignored by closing the cross section, as indicated in figure 11.
The result is a polygon described by 178 points, leading to a system of 178 simultaneous
equations. (See table I.) A computed pitch-plane pattern for the geometry of figure 11 is
given in figure 12, with experimental verification obtained from the three-dimensional
model of figure 5.
DISCUSSION OF RESULTS
The reliability of computing principal-plane radiation patterns of thin annular slots
mounted on a spacecraft, such as the Space Shuttle orbiter, by use of RIE F and the
approximations made is enhanced by the excellent agreement between theory and experi-
ment shown in figures 9 and 12. It is evident from figures 9, 10, and 12 that a null occurs
in the lit region on the normal to the plane of the annular slot aperture, and that major
lobes occur at roughly 600 on either side of the normal. This result is generally true for
a thin annular slot of mean radius a mounted on a ground plane of infinite extent and
having a value of ka - 2, pattern breakup occurring for larger values 5 of ka. (See
ref. 18, pp. 8-8 and 8-9.)
If the annular slot is located at A, figures 9 and 10(a) reveal that ground coverage
is poor, especially in the shadow regions. An improvement in ground coverage is
achieved, as indicated in figure 10(b), if the annular slot is located at B 1 (or B2), but
coverage is asymmetrical unless both locations and a switching arrangement are used.
However, symmetry is achieved if the annular slots at B 1 and B2 are excited simultane-
ously, as indicated in figure 10(c), but pattern breakup is evident, as is generally encoun-
tered for arrays of widely separated antennas on electrically large bodies. Obviously,
excellent ground coverage would be achieved if an annular slot were located on the under-
side of the orbiter, but this location is undesirable because of the excessive heat antici-
pated during atmospheric reentry. Figure 10 reveals that not only is the ripple structure
finer as the frequency is increased, but also the fields in the shadow region are relatively
weaker; that is, shadow boundaries are more sharply defined. Finally, figure 12 reveals
that desired forward direction coverage results if the annular slot is located at A.
5 Maximum value of ka = k(dM/2) for the annular slot in this paper is 2.25 at a fre-
quency of 400 MHz.
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It was noted that for all cases the phase of the radiation field fluctuates through
many cycles, particularly in the shadow regions, as either Or or Op is varied from 00
to 3600. This result is generally true for antennas on electrically large bodies.
CONCLUDING REMARKS
In this paper, a digital computer program based on a two-dimensional integral equa-
tion formulation (Richmond Integral Equation Formulation) was applied to predict radiation
patterns of annular slot antennas mounted on the Space Shuttle orbiter. The excellent
agreement between computed patterns and patterns obtained from measurements made on
1/35-scale models supports the use of this approach for future similar spacecraft or air-
craft antenna design problems.
By use of the Richmond Integral Equation Formulation, additional radiation patterns
may be predicted easily as the design parameters of the orbiter or antenna are changed;
thus, it is insured that proper radiation pattern coverage is maintained from design to con-
struction. The Richmond Integral Equation Formulation may also be readily applied to
predict patterns of other antennas. of interest such as slot antennas. If antenna arrays are
considered, the solution to the set of simultaneous equations automatically includes mutual
coupling effects.
Although limited by computer storage requirements, the Richmond Integral Equation
Formulation is characterized by ease of input data points describing the profile and antenna
to be analyzed. In contrast, the use of.geometrical theory of diffraction requires a much
more critical selection of input data points and equations describing the body surface
between any successive pair of points, since smooth functions of the radius of curvature
and its arc length derivatives are required.
Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., March 25, 1974.
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APPENDIX A
DIGITAL COMPUTER PROGRAMS
The purpose of this appendix is to present and to describe the use of the digital com-
puter programs employed to obtain computations and plots of the radiation patterns for the
Space Shuttle annular slot antennas described in the text. As indicated in the text, the
pattern computations and plots obtained by use of RIEF (see fig. 2) require a knowledge of
(a) the X- and Y-coordinates of the end points of the segments used to approximate the
cross-sectional profile of the orbiter in the plane in which the pattern is to be computed,
and (b) the voltage strengths and the point indices of the equivalent narrow axial slot
antennas representing the annular slot antennas. It should be noted in figure 2 that the
end points of the profile segments are indexed in a counterclockwise direction, the first
point being located at P = 00.
It is also indicated in the text that only a coarse number of points are specified ini-
tially and that the remaining points are generated with the aid of a spline fit procedure. In
this appendix and in appendix B, for the sake of nomenclature, an initially specified point
is designated as a "coarse point," and the index of the coarse point as the "coarse point
index." Any one of the end points generated by the spline curve fit procedure and required
for the computation of a radiation pattern is designated as an "actual point" and the index
as the "actual point index."
The N' coarse points are defined and are indexed in the same manner as the N
actual points defined in figure 2. However, coarse point N' is located and specified at
the same point as coarse point 1. After the spline fit procedure is applied to generate the
N actual points from specification of the coarse points, it will be found that the actual
points consist of all the coarse points (except coarse point N') and additional points
located between any two consecutive coarse points. If it is desired that the coarse points
and the actual points be identical, then N' = N + 1. Under this condition, no points are
generated between any pair of consecutive coarse points. If the spline fit procedure is
used to generate additional points, however, then N' _ N + 1.
The main program and all supporting subroutines used for analysis of the Space
Shuttle annular slot antennas are given at the end of this appendix. This program requires
a specification of the following data: (a) number of coarse points N' and the X- and Y-
coordinates of each coarse point, (b) the indices of the coarse points at which the equiva-
lent narrow axial slots are located, 6 (c) the voltage strengths of the narrow axial slots,
6 A narrow axial slot is required to be located at a coarse point; conversely, a
coarse point is required to be designated at a narrow axial slot.
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APPENDIX A -- Continued
(d) the initial frequency, the incremental frequency, and the final frequency of the fre-
quency range over which radiation patterns are to be computed, (e) an array of integers
which indicate the number of segments that are to be generated between any two consecu-
tive coarse points by means of a two-dimensional spline fit method, and (f) the coarse
point index at which the spline fit is to be initiated. 7
After these data are specified, the main program calls subroutine SPLFIT, which, in
turn, calls subroutine SPFIT2, to generate theX- and Y-coordinates of the N actual
points from the spline fit procedure. The main program then calls subroutine CVRTV to
convert the coarse point indices of the narrow axial slots to the actual point indices as
defined in figure 2. After calls to subroutines SPLFIT and CVRTV are made, then the
main program, as a function of frequency, converts the X- and Y-coordinates of the N
actual points from units of centimeters to units of wavelength and calls subroutine TESLOT
to compute the radiation pattern.
Subroutine SKETCH is a subroutine which generates instructions on a magnetic tape
used to drive the CalComp (California Computer Products, Inc.) plotter. Called by the
main program, subroutine SKETCH plots the set of N actual points describing the cross-
section profile. A call to subroutine SKETCH produces a plot similar to the plots given
in figures 6 to 8, and immediately below the plot a scale is given. For the first call to
subroutine SKETCH, the X- and Y-coordinates are in centimeters, and the scale is in
centimeters per inch (on the plotting paper). For the remaining calls to subroutine
SKETCH, the X- and Y-coordinates are in wavelengths, and the scale is in wavelengths
per inch (on the plotting paper).
Subroutine DBPLOT is a subroutine also used to generate instructions on a magnetic
tape for driving the CalComp plotter. At each frequency over the range of frequencies for
which a radiation pattern is desired, subroutine DBPLOT produces a polar plot of radia-
tion field magnitude, in decibels, against Op or Or and a rectangular plot of radiation
field phase, in degrees, against Op or Or-
The programs given apply for obtaining computations and plots of radiation patterns
of, in general, a set of narrow axial slot antennas (or annular slot antennas, each of which
is represented by a pair of narrow axial slots) mounted on a cylinder of arbitrary cross
section. In order to use the programs, the user is required to have additional knowledge
of how the input data are set up for transmission to the main program and to have a knowl-
edge of how the arrays in the main program are dimensioned.
7 The point at which the spline fit is initiated is chosen to be in an approximately
linear region of the profile.
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APPENDIX A - Continued
Input Data
All input data are read in through the main program. The first input data card con-
tains the following quantities: NPTIN, ISTART, NPORT, MADM, KI, KWRT1, KWRT2,
KWRT3, ISKIPP, ISIZEP, HPAT, FMCO, FMCD, and FMCF. The quantities are defined
as follows:
NPTIN Number of coarse points describing the cross-section profile (NPTIN - N + 1,
where N = Actual number of points, as defined in fig. 2)
ISTART Coarse point index at which the spline fit is to be initiated
(1 < ISTART s NPTIN)
NPORT Number of narrow axial slots (1 _ NPORT _ NPTIN)
MADM 1 or 0. For MADM = 1, the short-circuit admittance matrix for all ports
(that is, narrow axial slots) is computed. For MADM = 0, this computation
is avoided. (In this paper, MADM = 0 for all computations)
KI number of angular values of (p or Or at which the radiation field E0 is
computed (KI = 361, which is used for all computations in this paper, gives
pattern computations in 10 increments)
KWRT1 1 or 0. KWRT1 = 1 gives a write out of the X- and Y-coordinates, in wave-
lengths, of the N actual points and the distance, in wavelengths, between
any two consecutive segments. KWRT1 = 0 avoids this write out
KWRT2 1 or 0. KWRT2 = 1 gives a write out of the real part, the imaginary part,
the magnitude, and the phase of the radiation field EP for each of the KI
angular values of O(P or Or. KWRT2 = 0 avoids this write out
KWRT3 1 or 0. KWRT3 = 1 gives a write out of the value of EO in decibels, the
normalized value of Ep, and the phase of the radiation field EO for each
of the KI angular values of Op or Or. The value of EO in decibels and
the normalized value of Ep are with respect to the maximum value of E
occurring among the KI values of Ep computed. KWRT3 = 0 avoids this
write out
ISKIPP Integer required for obtaining radiation pattern plots. ISKIPP is positive for
line and symbol plots, and is negative for symbol-only plots. The magnitude
of ISKIPP specifies the alternate number of data points at which a symbol is
plotted
14
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ISIZEP 1, 2, or 3. ISIZEP = 1 produces small size symbols, ISIZEP = 2 produces
medium size symbols, and ISIZEP = 3 produces large size symbols
HPAT A floating point number that is five times the radius, in inches, of the polar
plots to be made with subroutine DBPLOT.
FMCO Initial frequency, in MHz, for which pattern computations are to be made
FMCD Incremental frequency, in MHz, for which pattern computations are to be made
FMCF Final frequency, in MHz, for which pattern computations are to be made
After the first data card is read in, a set of NPORT data cards is then read into the
main program. On each card are specified the port index I, the coarse point index JVGS(I),
and the complex voltage strength VGS(I) of the Ith port (that is, the Ith narrow axial slot).
Next, a set of NPTIN data cards is read into the main program. On each card is an
identifying integer IGNORE, the X-coordinate PNTIN (1,1), in cm, and the Y-coordinate
PNTIN (1,2), in cm, of the Ith coarse point.
Finally, the IDIVD array of integers is read into the main program. The IDIVD
array of integers is a set of NSEG = (NPTIN - 1) integers INDIVID(I) (I = 1, 2,. . ., NSEG)
which specify the number of segments that will occur between any pair of consecutive
coarse points as a result of the use of subroutines SPLFIT and SPFIT2. Specifically, if
IDIVD(I) = IX, then IX segments will occur (or IX-1 points will be generated) between
coarse point I and coarse point I + 1. All segments between any two consecutive coarse
points are approximately equal in length, which should be no greater than X/4 at the high-
est frequency for which radiation pattern computations are desired. It should be noted
that the sum of the NSEG integers in the IDIVD array is equal to the number of actual seg-
ments and points .N generated for use in subroutine TESLOT. As noted in the text, this
number should not exceed 180 if the Control Data Corporation 6600 computer at NASA
Langley Research Center is employed. If the generation of spline-fitted points is desired
to be avoided altogether (that is, the coarse points and the actual points are identical,
except that coarse point N' is omitted), it is necessary only to set all NSEG integers
equal to 1 in the IDIVD array. Under this condition, the N + 1 coarse points become the
N points required by subroutine TESLOT for computation of the radiation pattern.
Dimension of Arrays in the Main Program
In some applications, the user may wish to change the dimensions of the arrays in
the main program. To change the dimensions, define the following integers:
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n1 maximum number of actual points (and simultaneous equations)
n2  maximum number of narrow axial slots
n 3  maximum number of angular values for which radiation patterns are desired
n4 ? n3 + 2
n5  maximum number of coarse points
Then the following statements must appear in the main program:
PROGRAM MAIN (INPUT, OUTPUT, .. .)
COMMON/BLK1/KNTPLT, XNEW, YNEW
COMPLEX VGS, C, CJ, EPP, YMMHO, ZINPUT
DIMENSION X(n 1 ), Y(nl), XC(nl), YC(nl), VGS(n 2 ), IVGS(n 2 ),
1 D(nl), C(nl,nl), CJ(nl), EPP(n1 ), YMMHO(n 2 ,n 2 ),
2 THTA(n4 ), AEPHI(n 4 ), RATIO(n 4 ), PEPHI(n4 ), AEY(n 4 ),
3 XW(nl), YW(nl), PNTIN(n 5 ,2), SPNTIN(n 5 ,2), IDIVD(n 5 ),
4 ELEN(n 5 ), COE F(n5 ,4,2), XPNT(nl), YPNT(nl), JVGS(n2 )
MAXP 
= n 5
MAXCO 
= n5
MXNPT 
= n1
MXPORT 
= n2
CALL CALCOMP
CALL LEROY
KNTPLT = 0
END
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For the main program nI corresponds to 170, n2 to 4, n3 to 723,. n4 to 725,
and n 5 to 57. A restriction is that the sum of the NSEG integers in the IDIVD array
must not exceed the value of n1 .
Main Computer Program for Obtaining Computations of Space
Shuttle Annular Slot Antenna Radiation Patterns
PROGRAM MAIN( INPUTOUTPUTTAPE5=INPUTTAPE6=OUTPUT)
C J. EARL JONESARS-TR-FIL, PHUNE 3631, MAIL STOP 490--NASA45e97C
C
C ******************************** ********************************
C *
C * PURPOSE TO SET UP INPUT UATA TO SUBROUTINES TESLOT AND CBPLCT *
C * TO CBTAIN, ULVR A RANGE CF FPEQUENCIES, RADIATION *
C * PATTERN CALCULATIONS AND PLOTS AND TU CBTAIN THE
C * SHORT CIRCUIT ALMITTANCE MATRIX OF AN ARRAY OF TE
C * SLOTS ON A PERFECTLY CONDUCTING CYLINLER CF ARBITRARY *
C * CROSS SECTICN *
C * *
C * DEFINITIONS FMCO=INITIAL FRKtUEFCY, MHL.
C * FMCD=INCGRtMNTAL FREQUENCY9 MHZ.
C * FMCF=FINAL FRE6.UENCY, MHL. *
C * *
C * NPOINTMANPT,NPORTAMAPORT,ADMIt KRT1 KWRT2, *
C * KnRT3,VGS, vGSAAw,YWTHTAAEPH1,RATICPEPH1,YMMHO,*
C * LINPUT, AND LPTLPH ARE DEFINED IN SUBROUTINE *
C * TESLOT. ISKIPP,ISIZEP,AND HPAT ARE DEFINED IN *
C * SUBROUTINE CLPLOT. *
C * *
C * IF ANALYSIS CLCURS OVER A RANGE OF kREWUENCIESt *
C * VALUES IN X% AND YW ARE INITIALLY READ IN IN CM. *
C * ANU THESE VALUtS ARE STORED IN AC AND YC ARRAYS. *
C * IF EITHEk FICL, FMCU, OR FMCf ARE SET TU A *
C * NEGATIVE VALUE, THEN VALUES IN XW AND Yw ARE *
C * UNUERSTCtU TU BE READ IN IN wAVELENGTHS. *
C *
C *******************************************************************
CCMMJN /BLKL/ KNTPLT X EAYNtA
COMPLEA vGS, CCJ ,EPP, YMHO ZI ,PUT
UIMENSICN X(17C,Y(170),xC(170),YC (170),VGS(4),IVGS(i),
1 bl17C) ,C(170,17C),CJl7C),LPP(170),YMMHC(4,4),
i THTA(725J),AEPH1(725),RATIG(L 51PEPHI(725),AEY(725),
3 X~w(170),YW(17C) ,PNTIN(57, 2 ),SPNTI':(57,2),ICIVD(57),
. -LEN(L 7),COEF(7,4,tz),XPNT(170),YFNT(170),JVGS(4)
MAAP=57
MAxAC)=S7
MXNPT=170
MXPORT=4
CALL CALCOMP
CALL LEROY
KNTPLT=O
KTV=1
i REAU(59 ,1) NPTIN,ISTART ,NPuKTtMADKI ,KWPT1,KWRT2,KRT3,
1 ISKIPPISILZEP,HIAT,FMCO,FMC ,I-MCF
IF(EOF,5) 4,6
4 IF(&NTPLTL.0)o GC TO 5
CALL CALPLT(AXNE, YNEh, -999
5 STOP
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6 CONTI,',juE
lj-((I-MCO*LboO*I*CR*( -MLL)*LE*Oo)eOR*(FMCFeLEeOs)) KTV=O
RLAU(5910. ) (I9JVGSMvwuS(IJjI=ljNPORT)
Rt:AL)( 5 9 13 , ) (I CNLjREtPNT IN( It 11) tPIAT IN (1 92) 9 I= 19NPT IN)
NSEG=i,4PTIP -1
kEAW7910 ) (IUIVU(I)tl LtNSEU)
CALL SPLFIT(MAAPMAXCCNPTINISTAP.T.,PNTINtIOIVDELE ,
1 COLFgSP.NTINgAPNTYPNTNPCINTA. ,Y'VJ
CALL CVRTv(NPTINtNPORTPJVUS91JIV091VGS)
vRITL(6,2UOJ
vvRITE(6t204) NPTINISTART
wRITE(bt208)
6%RITE (t,9206)
wRITE(t,,108) (I0IVU(1J9I=lpNSl:G)
WRITt(&,2G8)
WRITE(6t2ol)
vyPITE(o,151) NPI-INTPMXNPTiNPCkTgMXPCRTV.AOMK1,KWRT1,
I KwkTZtKwRT391 SKIPP, ISIiEP9hPATtFMCOFMCUtFMCF
rjRI TE (69 2981
IF(KTV.Et..O) ILNITS=e
IF(KTVeLQ*1J IUNITS=l
CALL SrETCH(AWYitNPOINTtHPATtit22,19IUNITSI
IF(KTVoEQ.0) GC TO 14
UO 1C I=jNP0INT
AC(I)=AW(l)
YC(l)=YW(I)
10 COATINUE
rqRI TE (6 , 209)
oiRITE(tt216)
AkITE(6#1112) (IAC(I)tYC(I)#I=lqNPOINT)
WKITL( oP20ol
ORITE(692021
FMC=FMCO
11 WVL =300CO. /FMC
ViRITE(69M) FMC0%VL
DO 12 I=jNPrjNT
Xv%(IJ=AC(fl/vVL
Yw(i)=YC(I)/vVL
12 C 0 N T I N"i lz
wRITL(. 192C;6)
CALL SKIzTCti(X %,YoyNPCII\TpHFATi,22,1,2)
14 CLjNTlNuE
CALL TLSLOT(NPClt\TtM,\t\PTpNPORTMXPORTvtlAi;MtKIt
1 KVvRTjKWPT2jK.Wf T3q
4 AWrYWY,\iuStIVGStXtYtLtCtCJEFI;,TFITAAEPFIkATIOPEPH19
3 YV(111100 L UNPUT, LPTEPH)
IF(LPTLPt--*L.)*,')J GO TO 18
C;4LL 06PL, T(HPATKIISKIPPilSlIL-Pv'HTAtAFPH19AEYPFPHl)
GC TL: ;0
16 viRITL:( ,22,() LPTEPH
20 C j,14 T I NJ E
wRITL( .,Z--)6)
,vRITL(j,216)
vvR I T L ( 5 , 21 1; )
UO 24 1=10PORT
DC 24 J=.',t\PCRT
ISCRPT=IVGS(I)
JSCRr)T=IV jS(jJ
ARITE( .91 4) ISCRPTI9JSLRPTljvYMYHc(I'j)
24 CCNT I NJ E
If-(NPCkT.(,T.1) GO TL' 2E
nRjTt(-qr0S)
AmITL((,2-)2) ZINPuT
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23 IF(KTV.EQ.0) GC TO I
FAIC =F:C+FMCO
vRITE(6 9202)
IF(F'AC.Lt. FMCF ) GC To 11
GO To 1
101 FURMAT(10I5,F5.0,3F7.C
103 FORMAT(215,2F10.0)
104 FORMAT(II,2F10.C)
108 FJOMAT(4012)
151 FJOMAT(I1117F7.2,3F7.1 )
152 FORMAT(I10,2FI5.4)
154 FORMAT(112,317,2F16.8)
200 FORMAT(110H *****************************************************
1**********************************************************/
201 FORMAT(105H NPOINT MXhPT NPCRT MXPORT MAOM KI KWRT1 KWRT
12 KHRT3 ISKIPP ISIZEP HPAT FMCO FMCD FMCF)
202 FORMAT(110H ------------------------------------------------------
1 -------------------------------------------------------- /
204 FOKMAT(1X,6HNPTIN=I2,3X,7HISTART=I2,/)
206 FORMAT(1X,18HI)IU ARRAY VALUES,/)
208 FORMAT(/
209 FORMAT(13X,18HLCCATIOU CF PCINTS)
210 FORMAT(5X35HPCINT X, CM. Y, CM.,/)
211 FUFMAT(5X,10HFREQUENCY=F7.A,4H MHLZ/,5Xt11HWAVELENGTF=F7.2,4H CM.)
216 FORMAT(5AX31HShCRT-CIRCUIT ALMITTANCE MATRIX,/)
219 FORMAT(5X,60H PCINT PURT PUINT PORT G, MILLIMHOS By MI
1LLIMHOS)
222 FORMA'T5xtdHLINPuT=(F16.8,1HI16.8,t6H CHMS,/)
224 FORMAT(5x,7HLPTEPH=I 4Z,4H FUR THIS CASE,/)
ENO
Subroutine TESLOT
SUBROUlINE TESLCT(NPCINTMANPT,NPORT,MXPORT, AUM,KI,
1 KfRTi KVPT2,KWRT3,
2 XAeY VVS, I VGSXY,UCCJ-EPPTHTAAEPH1,RATIO,PEPH1,
3 YMMHj,LINPUT LPTLPH)
C
i ***4*4****~** **
C * +
C * PURPjOS TO CALCULATE THt RADIATICN PATTERN ANU TC CALCULATE *
C * THE SHORT CIRCUIT AUNITTANCE MATRIX OF AN ARRAY OF TE *
C * SLOT ANTENNAS LCCATEU CN A PERFECTLY CCNUUCTING *
C CYLINUER CF ARulITRAk CPOSS SECTION *
C * *
C * INPJT DATA NPUINT=NUMbER CF POINTS OESCPIBING THE CYLINDER *
C * MANPT=MAAIMUM FERMISSIBLE NUMBER OF POINTS *
( * NPORT=NUMbEk UF SLOT ANTENNAS IN THE ARRAY *
C * MAPOFRT=MAXIPLM PERMISSBLE NUMBER OF SLOT ANTENNAS +
C * MACM=1 IF SHCRT CIRCUIT AUMITTANCE MATRIX IS TC BE *
C * COMPUTeC, 0 FOR NO CCfPUTATIONS. MATPIX IS *
L * ALvAVS LCMPUTED IF NPORT=1, HOEVER. *
C * KI=NUM*ER OF RAUIATICN PATTERN POINTS TC BE COMPU- *
C * TEU/ PLUTTEG PER CASE. FOR 5 OEG. INCREMENTS *
C * SET KI=72+1, FOR 4 DEG. INCREMENTS SET KI=9C0+1 *
C * IOR 3 uEG. INCREMENTS SET KI=120+1, ETC. *
C * KiRT1=1 FOR 4RITEUUT CF ARPAY OF POINT LOCATIONS. *
C * ANL 4RAY OF SLOT ANTENNA LOCATIONS, *
C * 0 FLR NO wKITEOUT *
C * KhRT2=1 t-R hRITEUUT CF RELATIVE RACIATION PATTERN,*
C * s FuR NU klITEOUT *
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( * K~RT3=1 FOR vRITLbUT OF UB RALIATION PATTERN, *
L * 3 FOR NO wKITEOUT *
C * Aw=AkPAY UF A-VALUES CF CCCRDINATES, wAVELENGTHS *
C c Y%=ARRAY OF Y-VALUES CF COCRUINATESt, AVELENGTHS *
C * VGS=AkRAY OF VALUtS OF SLCT VCLTAGES *
L * IVGS=AkRAY UF VALUES OF THE LOCATICNS (CORPESPCN- *
C * UNlh TO THOt IN THE XW ANL; Yh ARRAYS) OF THE *
C SLCT VOLTAutS IN THE VGS ARRAY *
C * *
C * UUTPUT UATA THTA=ARkAY CONTAINING THE ANGULAR VALUES *
C (uEGREtS) FOR wHICH THE RADIATION FIELDO S *
L * TO dE PLLTTEU. THT(1I)=O., THTA(KI)=360. *
C * AEPH1=ARkAY OF MAGNITUOE VALUES (OB) CORRESPONDING*
C * TC ANGULAK VALUES IN THTA ARRAY *
C * PATIO=ARRAY OF VALUES OF (E/EMAX) CORRESPONDING *
C * TO ANGULAR VALUES IN THTA ARRAY *
C PEPH1=ARRAY UF PHASE VALUES (DEGREES) *
C * CLCRESPCNuING TO ANGULAR VALUES IN THTA *
C * ARRAY *
C * YMMHU=SHLRT CIkCUIT ADMITTANCE MATRIX, MILLIMHOS *
S * INPUT=INPUT IMPEDANCE, CHMS (CNLY FCR NPORT=1) *
C * LPTePh=I INLICATES A <AUIATION FIELU PLCT FOR USE *
C IN OdPLOT WAS CCMPUTEU, 0 INDICATES THERE *
C AS NU RAuIATEU FIELL;, AND HENCE NO PLOT *
C * nAS CCMPUTED *
L * *
C * A,Y,,CCJEPP ARE AR<AYS LStU FOR INTERMEUIATE CALCULATIONS *
C * *
C * kEST.ICTIDNS IN CALLING PRUURAM, VGSC,CJ,EPP,YMMHCAND LINPUT*
C * MUST uE TIPLu COMPLEX. ARRAYS XW,YiXY,iJ0EPP *
C ANLi CJ M uST bE UIMENSICNEU wITH THE VALUE OF *
C * 'APNT AING C MUST BE iIMENSIONEU AS C(MXPNTMXPNT)*
C * IN CALLING PRUGRAM. ARPAYS VGS AND IVGS MUST *
C * BE UIMENSIONEu .ITH THE VALUE OF MAPORT AND YMMHO*
C * MUST BE UIMENSIONED AS YMMHC(MXPCRTMXPORT) IN *
C * CALLING PROuRAM. FOR PLOT PURPOSES, ARRAYS THTA,*
C * AEPH1,RATIC, AND PEPH1 MUST BE DIMENSIONED AT *
C * LEAST AS LARGE AS THE VALUE (KI+2) IN CALLING *
C * PRGGRAm. *
C * *
C *** ***************************************************************
C
CCMPLEX VGS,YMMHO,CJ,CEPP ,C.T, PS ZINPUT
COMPLEX P11, P2, t11,wl2,lt21, . EP1,EP2
DIMENSION X(1),Y(I1),U( 1),V 91(),IVGS(1),C(MANPT, ),
1 CJ(1),YMMHO(MXPCRT,1),EPP(i),ALPH1(11,RATIO(I),PEPH1(1),
2 THTA(1), XW(1),Yh(1)
N=NPOINT
IDM=MANPT
INT=10
CMAX=. E-12
ST2=SdRT(2.)
PI=3.1415926535E8793
TP=2. *PI
RLN=P 1/180.
ETA=376.727
C.T=-2.*ST2/(ETA*(1., 1.11
ZINPUT=CMPLX(O.,C.)
00 23 I=1,N
IP=I+i
IF(I.EQ.N) IP=1
UA=XW(IP)-XW(I )
UY=YWIIP)-YW(I)
(1 ) =SRT( X*UX+UY*OY)
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20 CONTINUE
1F(KiRT1.E'Q.O) GO TO 604
"R ITEL 6,601)
o4RITE(69701) N
wRI TE (6,bO I)
WRITE (L,732)
wRITE (6,7031
uO 804 I=lN
60O 801 J=19NFGRT
I SCkPTI VGS( J)
IF(ISLRFT.EwI) GO TO 8U2
801 C014T INUE
GO TU 803
802 WRITL LG,604) I ,X ( Ii ,'( I),U( I), VGSL J
803 IF(I.LToN-) GC TO 8G4
wRITE(6,601 I
804 CJNTINUE
00 22 I11,N
ALT )=TP*XwlI)
YLI )=ThF*t.dil)
6L1 )=TP*I1 I)
22 CONTINUE
60l 25 I=1,NPORT
O0 25 J=1,NPURT
YMMHO(IJ)=L0ov 0.)
25 CONTINUE
60 100 1=19N
D0 100 J=1,N
CCI ,J)=L0,.C)
100 CUNTINUE
DO 150 1=1#N
CALL SHii(M1LL1PUPI. )
CCI, I)=C(I, 1)+PI1
J=I 41
C U ,J 1=0 UJ '-P11
CLI,jj=CLIJ)+Pl2
C(JtI)=CLJl*)p12
150 CUNTINUE
60 200 I 1,N
FIM= I-
IF-CI.Ew.IllIM=N
IP=I*1
utl=6L IM)
CA-LL S.,iM2(XL IM)9Y( IM),XLII ,yLIh9XL IP)tYLIPJ ,10,I
OCIM, I)=C( IM, I )+. 11
DK= LuM+DIJ/2.
Gt66=100.*A6S( 6I-LM)/UK
IvtU-L~.LT 3. )GC TO Ic63
CALL £.IM2( (IP),YL IPIAL Iiytl ),X( IM) ,tV(IM) ,OIOM,
160 CONTINUE
CCI ,I)=C(l1,1 +Q2l
C(I , IA) =L( I,IM )+6;22
CLIP,I)=CIpqI)(.11
0(1 P,IM I CO IPf, I Ml
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210 CONTINUE
IF(NoLT.4)GU TO 2o0
Nl=N-1
N 2=N-2
N4=N-4
0J 250 J=1,N1
I=J-i
i-(J.Ew.1)I=N
FI=I
0I1=u I)
xl=X( I
YI=Y( I I
X2=X(JI
Y2=Y(J)
KA=J+l
Kb=KA+N4
09 240 K=KAKB
IF(K.GT.N)GJ TO 240
FK=i
Lin=U(K)
X3=x(K)
Y3=Y(K)
L=K+i
IF(K.E .N)L=1 0104
X4=X(L 010!
Y4=Y(L) 0106
CALL S4M3( X1Yi,X2Y2, X3Y3, 4,Y49,OIOKtlltQl2cpQ21,t22) 0107
C(IqK)=C(IK)+ 11 0108
C(J,L)=C(JtL)+,22 0109
C(ILL=C(I1LJ+ 1l2 o11l
C(JtK)=C(JtK)+Q21 0111
240 CONTINUE 0112
250 CONTINUE 0113
260 CONTINUE 0114
KLCRT=C
IH(MAUM.0Ew.0).R.(NPORT.E.i)) GO TC 268
NAD=1
00 283 JJA=1,NPCRT
KLCRT=KLCRT+1
ISCRPT=IVGS(JJX)
UO 265 I=1,N
CJ(I)=(0.,0.)
265 CON TINUE
CJ( ISCRPT)=-VGS(JJX)
GO TO 275
268 NAD=0
KLCRT=KLCRT+1
00 271 I=Ii4
CJ(I =(0.,0.)
271 CONTINUE
00 274 I=1,NPORT
ISCRPT=IVGS(I )
CJ(ISCKPT)=-VGS(I)
274 CONTINUE
275 IF(KLCRT.GTl) GCC TO 277
CALL CROUTI(CCJKD IDMp0,0)
GO TO 280
277 CALL CRCUT2(CvCJNIlOM0-J0)
280 IF(NAD.EUW.0 GO TO 286
O0 283 JJ'=19NPCRT
JSCRPT= I GS(JJY)
YMMHO(JJYJJX)=I000.*tCJ(JSCPTJ/VGS(ISCRPT))
283 CONTINUE
GO TO 268
286 IF(NPORT.GT.1) GO TO 289
YMMHU(1~1)=1000.*(CJ(ISCRPT)/VGS(ISCRPT))
ZIN"JPT=CMPLX(10CC.0.I)/YMMHC(1It)
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289 CONTINUE
KIM=KI-i
OPH=30./FLOAT (KIM)
AEPHMx=0.
UO 390 NPH=1,KI
FPH=NPH-1 C129
PHS=JPH*FPH 0130
THTA( NPH)=PHS
PHR=.0174533*PHS 0131
CPH=COS(PHR)I 0132
SPH=SIN(PHR) 0133
00 30 I=1,N 0134
EPP(I)=(.0,O0) 0135
3C00 CONTINUE 0136
00 350 I=1,N 3137
XA=X(I) 0138
YA=Y(1)
IP=I+1
IF(I.Lw.N)IP=1
XB=A(IP)
YB=Y( I)
CALL CiF (AA ,Y ,it Yb, LCPl SPHt EP1lEP2)
EPP(L)=EPP(Ii+EP1
EPP(IP) =EPP( IP)+EP2
350 CONTINUE
EPS=(.t.0)
JU 384 I=1,N
EPS=PS+CJ( I )*EPP( I)
384 CCNTINUE
EPAB=CABS( EPS)
IF(EPA6.GE.AEPHMX) AEPHMX=EFA6
ALPH1(NPH)=EPAB
REPS= RAL( EPS)
XEPS=AIMAG(EPS)
IFIEP b.LL.CMAXI GC TC 385
PEPHI (NPH)=ATAN2(AEPS, REPS /JN
GC TO 387
385 PLPHi (NPH)=0.
387 CUNTINUE
IF(KtRT2.E.0) GCO TO 390
IF(NPH.GTo1) GO TO 368
nRITE(SO601)
oRITt( 6 710)
wRITE(6,601i
qRITE(6,711)
ARITE(6, l )
388 RITt(t,505) THTA(NPH).,REPSAEPSEPABPEPHI(NPH)
IF(NPH.LT.KI) GO TU 390
vRITL (c, 31)
590 CONTINUE
LPTEPH=1
Ii-(AEPHIMA.LEcCAX) Gd TO 425
00 424 KL=1,KI
AEPHZ=AEPHI(KL)
ALPHA EPH2/AEPhMX
RATIJ(KL)=ALPH
IF(ALPH.LE.CMAX) GO TC 423
ALPHUB=20.o*ALOG10(ALPHI
IF(ALPHGCdLE.-4C.) GO TO 423
AP HI (KL)=ALPH,8
GO TO 424
423 AEPH1(rL)=-40o
424 CUNTINUE
GO TO 426
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425 LPTEPH=O
426 CONTINUE
IF(LPTEPIoEQ.0 GG TU 475
IF(KvvRT3.LQ.C) GO TC 485
WRITE(5,601)
WRITE(6,t71Al
aRITE(6 9 601)
nRITE(6,71!)
WRITE (6,601)
JO 430 KL=1,KI
4RITE(6,508) THTA(KL),AEPHi(L),RATTn(KL),PEPH1(KL)
IF(KL.LT.KI) GC TO 430
ARITE(6 602)
430 CONTINUE
RETURN
475 tRITt(6,718) AEPHMX
485 CONTI NUE
RETURN
601 FURMAT(/)
602 FORMAT(//)
603 FORMATI I9,.FlI.k)
604 FORMAT( 19,3FI1.:,F20.4 5.I-.4);
605 FJRMAT(F14.193E15.6,F15.2)
608 FURMAT(F14.1,2F15.6,F15.2)
701 FORMAT(5Xf41HNUVBER OF POINTS uESCRIBING THE CYLINDER=13)
702 FORMAT(5X37HGECMETRY CF CYLINURICAL CRCSS SECTION,9X,22HORIVING P
1CINT VOLTAuES)
703 FORMAT(4X,38HPOINT At hvL. Y, WVL. U, WVL.,SX,30H RE(V)
1, VOLTS IM(V), VOLTS)
710 FORMAT(5X,29FRAUIATICN PATTERN (RELATIVE))
711 FORMAT(5X, 9HPHI, UEG.,bA,7HRL(tPH),8Xt7HIM(EPH),7X,8HMAG(EPH),4Xt
I 11HPHASE, DEE.)
714 FORMAT(5A,35HRADIATION PATTERN (DB ANG E/EMAX))
715 FORMAT(SX,rCHPHI, UEG.,7X,8F-tPHt UB.9X,6HE/EMAX,4X,
2 11HPHASE, DEG.)
7.18 FORMAT(5X,7HAEPHMX=-15.8,34H, THUSt NO CB VALUES 6ERE COMPUTEU)
ENO
Subroutine SPLFIT
SUBROUTINE SPLFIT(MAXPMAACC,NPTIN, ISTARTPNTINIUIVD,
I ELENCOEF, SPNTINXPNT ,YPNT, PCINT,XitYl)
DIMENSION PNTIN(MAXP,21,SPNTIN(MAXP,2),CCEF(MAXCO,4,2)
1 ELEN(1),IUIVU(1),XPNT(1),YPNT(1) ,XW(1),YW( )
NSEu=NPTIN-1
00 10 I=1,NPTIN
K=(ISTART-1)+I
IF(K.LE.NPTIN) GO TO 9
K=(ISTART-NPTIN) +
9 SPNTIN(I ,i=PNTIN(K,1)
SPNTIN(I,2)=PNTIN(K,21
10 CONTINUE
{ALL SPFIT2(MAXP,MAXCC,NPT IN,SPNTINCOEF, ELEN)
IV=l
UO 17 I=1,NSEG
IVK=(ISTART-1)+1
IF(IVK.LE.NSEG) GO TO 14
IVK=(ISTART-NSEG)+I-I
14 ICV=IUIVO( IVK
GO 17 J=l, IDV
JMI=J-1
T=(FLOAT(JMi)/FLOAT( IUVJ *LLtN(I
T2=T*T
24
APPENDIX A - Continued
T3=T*TZ
XPNT( IV )=T3*CUEF( I,1 J+T2*CCE(I,2, 1)+T*CCEF I,3, )+COEF ( 4, 1
YPNT(IV)=T3*C(JEFI(I, ,2)+T2*CCF(l,2,2)+T*COEF( I3,21+COEF ( ,4,2)
IV=IV+1
17 CONTINUE
NPOINT=IV-1
LAX=I START- 1
LXSUM=O
00 19 I=1,LAx
LASL.M=LXSUM+1)IVC( I
19 CONTINUE
00 22 I=1,NPOINT
J=LXSUM+I
IF(J.GT.NPOINT) J=J-NPCINT
Xw(J)=YPNT( I)
Yw(J)=YP\T(I)
22 CONTINUE
RETJKN
ENO
Subroutine SPFIT2
SUBROUTINE SP- IT2(MAAPMAXCC,NPNT,COEFELEN)
C
C THIS SUbROUTINE COMPOTES TF-E PARAMETRIC CUBIC SPLINE COEFFICIENTS
C TO APPROXIMATE A SMOuTH CURVt THRdUGH A 20 SET OF POINTS PNT(I,l)
C AN) PNT(I,2), THE ARC LENiTH ELENII) IS APPROXIMATED TO BE
C THE EUCLIDLAN UISTANCE otThEEN CONSECUTIVE POINTS
C
C MAXP=MAX. NUMBER OF INPuT PUINTS ALLOWEC
C MAXCU=MAX. NUMBER CF SFLINES ALLOwED
C N=ACTUAL NUMBER OF INPLT PCINTS
C
C EXAMPLE-SUPPOSE 20 PUINTS TC 6t INPUT, CALLING PRCGRAM HAS FOLLOWING
C DIMENSION PNT(50,2) ,CUEF(50,i,2,ELEN( C)
C THEN N=20, MAXP=50, MAXCC=50
C
DIMENSION PNT(MAXP,2), Ctt(ACU VACu4,2),ELEN(1)
NUNE= I
N 1= N-NONE
TO=i.
UNE= 1.
THREE=3.
00 13 I=1,N1
IP=I+NLNE
XA =P'T (IP, )-PNT (1,
YI=PNT(IP,2)-PNT(I,2j
EL=Al*Al+Y *Y 1
ELEN( I )=SKT(EL1)
13 CUNTINUE
C
C FORM A-MATRIX, SUPER uIAG. ELtMLNTS ARE IN C JEF(I,4,1), SUB UIAG.
C ELMENTS IN COEF(I,21t), GIAU. ELEMENTS IN COEF(I,,I1), ELEMENTS
C CF CULUMN VECTUR FUR A EwbATIuN IN COEF(1,3,1) AND Y EQUATION IN
C CCEF(I,3,2)
C
CC;EF( 12,1 )=0.
C{!EF( Ill :)=T C
CLEF( 1,4,1 =LNE
CU)F(N,2,1 )=CNE
COEF(N,4,1)=0.
COEF(N, ,l =Tw
25
APPENDIX A - Continued
X1=THRtk/LLEN(1)
Y1=TH EE/ELEN(N1)
COEF(1,3,1)=Xl(FNT(2,I)-PNT(ltl)L
CJEF( 1",3,2=A1*(FNT(2,e)-PNT l2)
CU(EF(N ,3,1)= IY1* (FNT( N 1i-PNT (Ni,1)
CUE-( N, 3, =Y1*( FNT (N 2-P NT 1,2) )
CO 20 I=e,N1
I t= I -NUNE
I P= I + NCNE
LjEF(I,2,1=ELEN(I)
CULF(I I, l =T O*( LEN( I) +tLEN MIN))
CUEL (1,4,1 )=ELEN(IM)
AX=THREE/(LLEN(IJ*ELEN(IMJ)
X2=LtN(IM)*ELENITV)
X=LEN1IJ*ELEN(I)
CEF ( 1,3 .) =Xl * (A12* (P N T ( IP  l ) - P N T ( I 1l ) +X3 IPNT( 1 1-PNT( IM )
COEF(I3,2) =X1 (X2*(PNTIP,2)-PNT ( I,2l+X3*( FNT(I12)-PNT( IM2 l
2' CGCTINUE
C
C THE A-MATRIX IS TRIUDIA'UNALt THE A-MATRIX wILL BE UECOMPOSED 
INTO
C AN UPPER uIAG. MATRIA U AND A LUwER DIAG. MATRIX L SUCH THAT LU=A
C THE ULCOMPOSITICN OF A INTC L AND U 0JES NOT UEPEND CN B
C A VECTOR L IF-P EACH X ANU Y EwUATION wILL BE COMPLTED SUCH THAT
C LL=b, L FOR X IN COEE(I.;,J) AND FOR Y IN COEFI,3,2)
C
CtE(1,3,1)=CUF (v,3,1)/COIL(ll Il
CUEF( 1,3, 2 =COE-( 1,3,2/COUtF (C,,1
CObF(1, 1,2=CLOEF 1,1)
)O 50 I=Z,N
!=!-NUNL
CO(HI,2,2=COEF(1,2,1I
COEF( IM,4,2)=COEF(IMv,4,1)/CCEF(IM,1,2
CULF( Irv21=C'JEFP i lC(I vl - #IMs *CIEF(l 2 2
OCEF( ,3 ,I)=(CCEFI,,1)-CC(I2,v2)2*C
O E F ( IM31))/COEF(I1 , 2 )
CCEF( I q3t2 (CGEF( 1 3t )-LCCL-It- ( 29
2 
*C C
E F  IM 3,2)) /COEF I t1 2)
50 CONTINUE
C
C COMPUTE VECTOR R BY BACK SLBSTITUTION 4HERE UR=Z R IN COEF(1,3,13
C F-OR X AND IN CO(I-(,3,2) FCR Y THE R VECTOR IS THE FINAL
C SULUTIUN VECTOR I-OR THE SLLPLS
C
Oc 6b I=1,,N1
NN=N-I
CGEF(NN3,1)=COEF(NN31-CEF(NN COEFNN2*CO(+1
3
,1)
COGErNi'N 3,2)=CCEF(NNt)-CEr(NN42)*COEF(NN+t1,32)
50 CONTINUE
C
C CC>PuTE CUBIC CCEFFICIENTS FUR I-TH SEGMENT- X E'. IS
C x(T)=CuE-(It ,l1)*T**.,+CuE-(I2,il*T**2+CCEI(I,3,1)*T+COEF(I,41)
C
DO 70 1=i,NI
LLI=JNE/ELEN(I
LL2=ELi*tL1
EL3=LL2*EL1
I[P=I+NONE
XL=P'iT( I l )-PNT(IP l1
YL=PNT( It2 -PNT(IP,2)
CCLF( I,1,lj=TNC*EL3*X1+EL24lCUEF( I,3tl)+COEF(IP,3,1))
COL&(I ,l )=TAU*EL3Y+L2l(CLF( I,3,2)+CO (IP,3,2))
CUEF,2,. ) =THREE*EL* -A ) -EL1* (TO*CCEF I t 3,1)+COEF ( IP, 3 ))
Clh ( I i2,2)=THREIL*ELL* - Y1I)- EL1*(TWO*C C EF( It.,2)+COIF(IP32))
CUEF(1,4,1)=PNT(I,1)
COEF( Iv42)=PNT(It)
70 CONTINUE
PLTUKN
ENU
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Subroutine CVRTV
SUbROUTINE CVRTV(NPTINNPCRTJVGS IL)IVC,IVGS I
CIMENSION JVGS(1 ),IVCS (I } 1 u vu( )
NSEG=NPTIN-1
ISUM=1
00 8 I=1,NSEG
00 6 J=I1NPORT
JV6=JVGS(J)
IF(JVG. EQ.I) GC TO 4
Gb TO 6
4 IVvStJ)=ISUM
J =NPORT
6 CONTINUE
ISU.= ISUM+I0IVC(I)
8 CONTINUE
RETUJkN
END
Subroutine CROUTI
SUBRjUTINt CROUT1(C,S,N,IuMSW,1MIwR)
C SET ISYM = 0 IF VATRIA IS SYMMETRIC
C SET IwF,= OR N:EGATIVE TU AVOID 4RITECUT
COMPLEX C(IuIV, 1),S(IUM)
CUPLEX SS
COMPLEX FtGHPT,u
2 FORMAT(1 A1110tlF15.3,IFl5.C 5..)
5 FUFMAT(1hO)
IF(N. E .1) S(1) =S( )/C( 1, 1)
I(N.E,.1L)GO TC 100
IF( ISYM.NEO.0)C TO 8
0O 6 I=l,N
UO 6 J= I ,N
C(Jl)=C(IJ)
6 CONTINUE
8 CO:4TINUE
F=C (1,1)
UUO 13 L=2 v
G=C(1,L)
10 C(1,L)=G/
00 20 L= 2,N
LLL =L-1
OU 23 i=L,N
F=L(I,L)
OI 11 K=1,LLL
G=C(1,K)
H=C(K,L)
11 F=F-,*H
CII ,L)=F
If(L.Ej.I)GO TO 20
P=C(L, L
IF( ISYM. .0)GC TO 15
F=C(L ,I)
On 12 ,=1,LLL
G=C(L,K)
M=C(K,I)
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12 t *
C(LI )=F/P
Go TU 20
15 F=C I L )
C(L ,1 =F/P
20 C'NTINUE
CD 30 L=ItN
P=C(L,L)
T=S(L)
IF(L.Ew.1)WJ '0 20
LLL=L-1
.O 23 K=1, LLL
t-=C(LjK)
U=S(f)
25 T=T-F-*U
0 S(L)=T/P
32 33 L=2,ti
I=N-L+L
II=I+l
T=S( I)
Lu 35 r=!!,N
F=C(IK)
U=5(K)
35 T=T-r*U,
3E SI I=T
IF(Ivi .LE.0) GC TC 53
CNOR=.0
DO IJ =19N
SS= S( I)
SA=CASS(SS
IF(SA.GT.CN!PJCNCP=SA
40 CONTINUE
L)U 44 I=1,N
SS=S( i
SA=CAo (SS)
SNO R=. 0
I-(CNJk.GT.O. SNLR=SA/CNCR
SR=RtAL (SS)
SI=AI AG (SS)
Pri=.J
IF(SA.uT.O.)PH=37.2957o*ATAi (S1 SP I
wPITt(6, 2)I,SNLR P-SR SI
44 CCONrT I NuE
vPITE (oC )
50 CONTINUE
100 CC"NTINUE
FETURN
ENJ
Subroutine CROUT2
SU3R]UTI'L COUT2(CSN IuM ,ISYM, HR)
C SET ISYM = C IF VATPIA IS SYvMETRIC
C SET Ink=0 OR NEGATIVE TU AVOIL) wPITEOUT
COMPLLA C (IM, ILUFI,S(IUM
CJMPLEX SS
CCMPLEX F,G,HPtTU
28FORMT(LX1IIOlkl ..2 iblS.02E15.4)
28
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S FORMAT(I.HO)
DC :)0 L=1,N
P=C (L, L)
T=S (L)
IF( L. E*. 11 GO TC 3C-
LLL=L-1
Dij 25 t\=1,LLL
F=C (LvK)
U=S(K)
23 T =T-F *U
30 S(IL )=T/ P
LUu 38 L=29N
I ',J-L+i
I I = I+1I
T= (I )
00 35 r,=II,N
i (I,~ K)
U=S (K )
38 S II ) =T
II I~q.LE*0) 6C TO 5,)
.j,J 4J I=19N
SS=S( I)
SA=CA6S( SSJ
Ii P IS A. uT 0 CNOR C;,Ck=SA
40 CCNTliNuE
0.1 "(4 Is10N
SS=S( I )
SA~CAbs CSS)
S lNi L . 0D
IF( C.NOR 9GT. J. I SNOR= SA/C NCR
SR=REtAL I SS)
S 1A1 MAG(CSS I
Ir( SA. LT.O. SPH=57. 29578*AT AN~iC Si, S P.
/44 CuiNTINUE
V4RTh (L 15)
50 C0ONTINUE
103 CLNTINUE
k~ ET URN
Subroutine SMM1
SU 8 R 0U T I NE S MlA 1L)K LM i 9 /M 1
CCU1PLtA ZMllLtl/
CCMPLEA HO ,H1
IJATA PI/3.141 ;'/
CU)K=COS (UK)
CALL HAN([tffl;C,HI)
Sj)KS=SJK'*"2
CUK&S=CUK~**2
Z'12zUKISUKH* K1 * (I. + LK Ur, / pK/ I/ L),
ZLNi!=I .uK*A 11 / S )K
LA1i2 is **UK*VAlL/SLKS
E NJ
29
APPENDIX A - Continued
Subroutine SMM2
SUOJUTI'IL SiAiM2(A1,YiAZYLA3,y3,DK1,UK2INTSl1,S1zS2lS2iJ
CGMPLCA SA 11SA 2
CUMPLEA siS1I29S21PS2e
CZ--IPL LX G11tGi2vG?1PU22
CCMiPLLA HC-,HIICIHHl
CCMPLtX F(.5)
COMPLEX A(1,h~t15,hi,),A 1
C CAPL L AD(L I 5) 6 1 # j tC 6 19 3 ) t Z e 11,t 13)
CCA?4L EX 4C (11,5) ,D91~, 3 ,ZC(119,13)
t-'JIVALLNCE LC(l I,)AC(1-1)J,(LC( 19-5) , BC 1,pl)31,qC(111) ICC( 1, 1)
UATA P1/3.14159/
L)AT A L v HI/. 3 141579. 26 17'p 7/
iJATA AA/
.1 1,CI 0 1~ (. 0* 0.0 DOC) f. )*0 3
.(0.0 ,0.0 1, ( 0.0 c 0.0 1d 0. 0 r 0.00 1
C0.0 , C. C Id (C.0 000 9, 0. 0c .o 3,
* ()0 ) 1c 04 1-00 7f-72 )t, 0.0 ,0.0 u (-0*CCO%.e5,-U.0C2C2-003
" (-J.0jJ.089-LC700, (-0.C)4,b47,-C.03'C~73, (--0.024041-.36S0r),
" (-0.u2534v,-C.C57C,3j t064,.4~, p -. 60l4,-0*032l233,
1 -:)o 25 857 -0,o123 38) 9 -C.C4873t,-0*1493I7J ,(-0.0714s1,-0*15738 13
t301 0,C C11,(-Ci20C1:344-0.14206381 0-G.0 21, ,.0.035,
.(-,J.0744C69-C24'82),t-0,1C%40,-C2 '2C81),(-0.1361l3-0.256958)I
* -0, 17o97,-C. 139C49i
JATA BAl
.3 0 9 0.0 ),(-0.XOZ41,-C.100292,(-.Cl7072,-0.200445)I
.3-0*1758i-U364C9?,3~-j,-C*34213)3-:237C,-Co305I69) t
.I-0.203665,-0.2e-2476J,3-0.208911,-0.212C54J,1( 0.0 1 000 3
(-D.0U2513,-U. 1266C!3), (-UoIi.d412t-O.252138J, 3-0.053)664,-0. 361786),
.(-J.l1035479-C.439113),(-G.l$51290,-0.4748223,(-OolS497O,-O.470681)I
*(-).Z14671t-C*'*37il9r8),(-0.il59013,-0.-38E772),(-0.2C7611,-0,333925)0
.(-3.,433231v,J.274917), ( U. ; 0.0 ) , 3-0,C2348t-0*1459) 9
.(-J.0172S,-.2874---,(-C.5C74~7P-0.41yU76),(-O.09s8784,-0.503510),
.(--o.14C9377,-C.54:7C42), 3-. *18d217,-0.541 d543,(-0.205396-050t588),
.(-j*199C632,-0*41;3077), (-C.'77di90,-0.3729773,(-0.151496,-0.301724) t
* 3 .0 ,C. 0 I, -C. 0,~1s$9,-0.15 34t.3) ,(-0.313976,-0.3023603J
e3001C,.16, 3-J.C'-iL7,-0.925C34,i(-0.12355r3,-0.5723603,
.3-Dol2C031t-Ca3f&4194),t(-C. 0ed 2-4,-C.274S71,,( 0.0 ,000
,(-0.J12~,G~l'Ld3),(.i0934,9-0286E62,(-.027337,-094073g;33
* (0. 2,-C4 ~i, -U.C 1t~9,-0. 37'633 (-0. 16997,-0.533585) t
.301153,04(4,- J. Ws 4L6 Go 40 F26 C 1 o-0C711'396-0*3064323,
-0 -j.2 5934 -0,2002 V; /
UATA CA/
.3 0.0 c CC I f(-c CCo-1. 1231,3 I -0a C47C,-!?2388111
.3-0.0314034,-0.3 302,3-o.Caa,7'3,-0.4096),-0*43016t-o4,3 81053,
.t-3.054629,-0.431450),(-O.C57994,9-C,3871 3),(-c9049893,-0.31167 13,
30
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o (-0.Q29555t-C.2's744AI( 0, C011909-CGo101t43, 0. (Go0 9 0.00
*(-O.J01069,-(.CE27C3i(-0.oob ,k-0.15871,(-.CC37hC,-0.*221141),
.( 39003C6Z,-0.oG'3C48Ji 0.o 9 0.0 )t( 0.0 1 0.0 I
0 0) t00 ,9( 0.0 1 0.0 ) ,( .9 c, 90c 11
.(0 ,~ 0.0 )t t ;. C ,0.0 1 1( 0.0 t 0.00
(0.U , .0 I, 0.0 C C.o It,( 0coo 0.0 C U
6 AT A Ab/
:( 03 0.0 c I1 00 3 0.0 )( 00 ,.0 1,t
:)Oo0 -CIO L ,(0.0 0.01 j,( 0.0 ,0.00
. D 00 ,.0 ), .C , 0.0 I,( 0.3 ,o I I
1( 0.) 0.0 1, 0.0G 0.0 1,( 0 .0 ,0.00
. (-J.00&3j0,-C. C0 -4 19)u1-J. 0 W,2 6, -C. CO 9C 53 1 (-3..C61~6-0.0)2438dI,
O(-0.008b06,-0. 0-_5027) p (-J. 0.L31899 -0,04 83 3 11 ,(-0.000t3-O*C27811 I
*(-J0*03313,-0.C4SlII-0.-606160,-0.142189),V0.C(07155,-"0170671,
(-3.062f9I5,-O. 19108), (-0001551,-0.0184 7) (-0*06I14t-0*C3Z13) t
*(-0.176997,-OC 1019/ o"Ci,-o700 00 q00 )
(2AT4 Bh/
.0.0 9 0.0 j,(-).CCI46e-9,-C.C8-2eC),(-0.9)32827,-0.l7C404I,
) 9.,J06 839- 0240484 j q(-u.1b2744,-C.274343) 9(-0.2237 33 ,-.). 2 7 05 15 )9
,C-0.2255439-Co207119),(-Co 2 Cc l , -Co 2 1 2 C 54 9( 0.C t DO) II
o (-0.1 1,989-0o.957 t-C. e C. -1517 9) 1(1-0. 2 87 7 5C t--D. 3 23 8 0 51,
.( - . 0 ! 41 , - C. z00 5 0 , (-.943c,-.3437J (-0173687t-0.40176,
.(-0.,3oC3,-r0.4C36C),(-( -941,2C7357791,(-C.p91-4,*312 6 4 _'
.(-0.0474,t-0.312853J (- Jo j41t:2b6t- C. 390 50 (-0*1531S,-0*3U7241,
.c-:O.c5 , .0 I , -. 12154,-Co23l7)(-0.71159,-'3*247203),
.(-0.07274,-6.3214) 22C57,0*37/)
LJATA CB/
a 0 p 0 .0 9 (0. C _12 5, v- 0 . 94 EC 7 )(-0or)09157v-0*18396Z) 9
o J o.84-3 14,9- . 2 e112 2 tC (-0.0 5 17,t-C .23 ,E18), (-0*0 8378t-0.181876)9
a( L7. C2t -C.C1541J t-0 CJ2IiO2,-0* 1035 ), (-0.001 30 1496)
(-)0t290,-u. Io 8,1 (-0,01 0,-C.C822369, (-0.0058015,-0*I0594t
o( J00302t-G. 0 __ 5C k7 1,tL 0.0 , 0.0 1, ( 0.0 , 0.0
0 11.0 O ) ,( 0.0 .0.0 ) ,1(0.0 0.0 It
. .0 ,o ).0 (, CO0G 0.,j 1, 0.0 ,~ 0.0 I
0( 0,., , ).0 ( 0.0 't VC I, ( .0 c 9,0 1/
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APPENDIX A -Continued
t_- 06,019-J. CC767 2 it J*O 0.0 it1 0.uO1233, O.C16b3-1)9
01 .0085739 0*C32883,13.22 C,04077CJ,( 0.037,i2tf 0.0343c973,
91 00 (. , C. J2470i C.03*57t~6 ) 9 0.0172000, C.070O c)
I1 0.04 YG51, 0*C87'723,1 I .C77)UL9~ 0.07tEF 63it 0.0 14q7v G.C3(,918),9
o( 0.07ct136,-0ClC7i2 9 )tl .oC31 3 d,0.06426)1-.C2793C-.0895323,
.(-0.u82916-0.0J ,l0.2C1C.7S5, 0 3.0 1 0.c0 3I
.13.003712, 0 C5ae:44) t 0oCet0d6,9 0*ll5C-'83,( 0.070396, 0.14, 6811),t
.1 o.19825, 0.133934)t, CoL4 ;662, 0.07' 822), it'.129376r-0*.C10Y354),
.1 .~11~,0o9C13 ,-0.C ,054,-Ca14CL623, (-Oo112498t-0.1531093 t
CATA bti/
0( :.3 9 0.0 3,1 OoO00'6489 CoC32184)9( 0.032749, 0.161!SC519
.1 .Jb952J), Oo2CS794),1 Joi,3554t39 C*2007C6)t( 0.19.5878, -0.1293dfl,
o( 11b-C2414,-G. L911,-C.2O254), ( 0,0C , 0.0 )3
ot ).O3497 ., 0,.1026731 C*C35451, Co202291)9( 0,090233, 0o267494),
.( 3.17,A432, Co2ct64193,1 0.~z64, C.196367)t1 0.226486, 0o0710313,
o1 0.162555,-LCCtOOSO,1 C. 04k59, -C. IFE C 61 -0.0858341-0.251922),
o (-0. 22 3 0 , -o.2 -4 Sl7 , u.C c 0.0 ),( 0.CC46F0, 0.117229),
.1j.,334,161 Co 230289), .903 0,30(34E13, 0.170260, 0.324651),t
.1*02 o90 .264202),t OoZ44~30J9, C*1424'50)( 0D.195843,-0.0C6541) 9
o 1J.~ 1-,-. 44223,(-L. 03l8 7't,-C. 2437S) t, (-C. 1514,36,-0. 301724)
1 3.3 t v,0 it1 ( .C. j74 7, G.122169), v 3o271C3v 0.23;2441),
.10.0770;0, Uo 325t 91 .J144o,7, C.3570C3,() 0.1995t0, 0.31'tdu
7 j,
. 3.221934, ).213275)t( G.195194t 075',t2),( C.122273,-0.066987),
.0.0213CJ7,-Go.188174), 1-C*Le.3294,-Co274371), ( 0.0 , C.0 )3t
.1 3.3253, 0. 1152 3)v ( 0. C16E21.t C.224467), it.05C23E4, 0.30818 ),t
1 JoJ9o58?t, 0.34640b)3,1 t .P.1'.73t C*3282F!V'),1 0.163807, 0.2967C07),
*1 Do1543G2, '0.14747,1t O.112575, C.C22!F13,1 0.C47t22,-3,09857c3,
(l-Do.J5932,-Co 2CC2794)/
UATA (A)/
.( 0.0 ,0.0 0, .001253, f0.0946923,1 0.009162, 00183015),
.1 JoD'32&560, 0.2522103,1 O.050653, 0.289695),1 0.074115, '-)28798':),
.1 0.68393, 0.2472683,1 0.C87403, 0.175C67)i( 0.C69807, 0.0834263,
.1 0.J38988,-0.014 6013,1 'o0J.90,-0o10706433,l 0.0 1 0.0 )1
.1 0,0336, C.0587563,1 0.0 (;24t4, 0.112516) t 0o.007 181,t 0.154899),
.1 .J1:)806, 0.i2C161) t L.020446, Cv1847203,1 0. C24 c323, 0.1630073,q
1 DoO_75253t 0. 132455),1 tLeC21189, 0.002759 I,1 ( .013313, 0.024850)3,
.1303d.-,30t3( 0.0 t 0._ it 0.0 , 0.0 3,t
310.3 , 30 t, a c , 00C 3,1 0.0 , 0.0 13,
a1 0.0 0.0 (, 0.0 000 91 3. C 9 .00 3
.1oj3 0.0 3, 1 00.C ,0.0 t, 0.0 , 0 .0 /
U KM = LKI
1r:(3KM.LTo3. 300 TO 10
Sil=1.3,.03
S12=( .0900)
S o(0,0
S22z1.0,.C3
RtLTJ3kN
13 C ON"T INu E
(3i=(UK+UK23/2o
P D= 1j0. * AbS (0K2- LK I/U K
lF(P3.LTo3.)C;C TU 42
CALL LilM2(Xlt'v ,X2,Y2,,A3,Y3tLK1,UK2,INT,S11,~12,S2lS22)
8CT URN
42 C0:iTINUE
CKS =JU C.*ULK2
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CUK =COS ( G~K)
SLII=S IN( JK)
SUK S SLK**Z.
CCKS =CiK**2
SbET=(Y2-Y1I/JKI
W= ( A 3-X I) C LT+ ( 'r3-YI) * Sb L
Yt( AL)* )ScET ( Y3-Y 1) *C i
C AL=( /w AUK i /UK2
SAL= A BS( YB I/UK 2
C6LL HANK(uKHHl)
IF( CAL. LTo,..I G6 TC 70
1I[-(SAL. GT*. 34)GC TU 5C
CNT=1 5. *iflK*CAL /SLKS
CALL H-1AWt( 2.*0)Kt-HOHr1)
SIl=CNT*(2.*HH1*CNKI10O*SUK*COtKh*CI@+COKS)t2.*(.O,1.)*CDK/PI/OK)
S12=CNT*(2'.*HH0'-*SK*CLK-2.4h*CLJKS
S2 1=CNIT*(2.*H1*CDKHO*SLK-2.*HH11.2.*(eC,1.j*CUKS/PI/CKI
S22=C\JT*(HO*COK*SrDK-ti*Cl.tCLKSJ2.*HH)*SO-K
eL*2 o *Hri.*CU-K*2o *( 9091 1. *",jK/Pj/U)K)
R E T U , N
50 LiJNTINUE
F (1M=HrI
Sll= JK$* (-h+2**.t*C-')*CLK/FI/JK)
Slei- UK*( SCK*HC-CLK*t-.1t2.*C.J,1..I/Pl/L)K)
S, i= 0K*(CuK'~m-2.*(.O1. J VCuKS/P I/DK)
S2-'= L)K*CUjK(SLK*HOCuK*H+e.*.0,Ile/PI/0K)
AL1. 57O796
IFCA L. NE.C0. AL= ATAN2C SAL, CAL)
AL= A3SCAL)
IF(AL.GT.2*0)(QC TO 82
T K=K/ 2.
Ul 8 J=2,--
TisS=TK*v*2
4K=S,~jkT(OKS*2.*U(*TK*CAL+TKS)
CALL HANKI RK,HJ, I)
F(j ) =HO
TK=U)K
8-0 CJNTINUE
SA=1.+SUK/Ji(*4.*(CUK-1.I/LjKS
Sti=*(I.,-CK)/UKS-/t.#SurK/UK
SC=3.*SuK/uK-CCK+4.*(CU;K-i. )/.rS
Sl1=Sl1+CUK *(SC*t(I+Sb*t-2+SA*F (3)
S12=SIl+CJ)K '(SA*F( 1)*S*F (+SL*F 3)
Szi=S21-lSC*F-(1i+SI* )+SA*k-(3JI
S)22-=S2 -(SA*i:(1J+Sb*it(2)tSC*F(3))
GOi TO 98
82 CONTINUE
SA1= * 0,.0
SA2=( .0,.0l
INP=Z*HNI'/2)
F IT=INP
lvI IINP+1
LjT=UK/F IT
TK=. )
00 9D I=it I P
U)=SGI +3.
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TKS=TK**2
R K=S.~kT IOK S 2. *[JK*TK*C AL +TKS J
CALL HANK(RKHCHlJ
S i= SI N U K- TK)
S2=SIN(TKI
S<1= SXI+ SzHIO* 6
SX2=SX2+S2*H-O*U
SGI =-SGI
TK= TK*U)T
90 CONTINUE
Sx 1SXi*)T /3.
Sxz=S%2*UT/3.
S11=51 1+CDK*SX(1
S 12=Sl2+,CDK*SX2
S21 =S.ZA-SX 1
S22=s;.,-SA2
93 CUNT INUE
X=JK/ G
I =A+1.5
IFI- 1LT.*2)1=2
1H- 1.(;T.10)1=10
1M=I-I
1P=I+1
Y=AL/ H
J =Y +1.3
I F(IJ. LT. 2) J=2
lF-CJ.uT.12)J=12
JM= J-
JP=J+ 1
F-J=J
P=A-x I
PT=P/2.
Q T= -V 2.
tB=P T* (P+1.
C=wjT* I(w- 1.
G11=A*LA(I~,J)+a*LA(iPJe+C*ZA(IJM)+U*ZAIJP)+E*ZAIJ)
G12=A*LBImj) E*di~IlPJ I.C*Ld3(IJM ~) +3*15 IJP) +E *LB(IJ)
C21=A*LC(IMgj)+,*LtlPgJI+L*LlJMJ+D*ZCIJPfl.E*LCIfi)
6-'2=A *ZD( I M9J )+b*L(I P 1J +*LhI JMI +U*ZC IJPI L *LzIJ.
CCC=1 5., Sif\S
Sil=CCC*(CAL*S11*tA1l*Ur,)
Sl2=CCC*(CAL*Sle+G12*u#LK)
S, i=C CC* (C4L 4S21 +uzi *;K )
S22=LLC*ILAL=-S22+U22*UK,
RET URN
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Subroutine ZMM2
Subk[UTINL ZMM2(A1,y1,Xl,yL X , 3 U U2, INT,SlllSl29S2ltS22)
CCCMPLEA RI'd-I
C U iPL EX SxiSx2
CUOiPLEA SlItI,2,S21, S42
CUMPLcX Yi 1,Y12t'21, Y22
CCMPLEA E'tl,EY2
COM~PLEX H0,H1, hI-CtH-O-1Sh-iOSHIl
CUMPLEA L)Hh0v OfIF1,i;FC IUH1,USH0h.,SH1
COMPLEX UYl i UY1 ,OY~1 ,UV42
COMPLLA CCP
COMPL LX FUN
CCMPLEA F(3)
D)ATA CULP/C .3,.b34,2)/
CKM =UKI
I (C K2o GT*L;Kl )0 KVDK2
IF( LKM. L To. IGC TO 10
SI =( .09 .0)
S21=C.J,.O)
RzT UP N
10 CUNT INUE
SUKl= SIN (DKI)
SJKZ= S IN WK2)
COKI= COSC(UK1
CUJK2=LJS (UKL)i2
SEBET= CY2-Y ) /oKl
X=( A 3-X iI*C LET ii Ii ESbT
Y6=-CXA-3-XI *SbLT+ (Y37-Y 1)*CtLT
CAL=( X6-UKl ) /JK2
SAL=A bS( flh'D/LiK2
CALL HiANK C K2P -HHC9 1Hi
L;HH.)=UK Z*HHO
DHHI=L)K2 *HHI
C iS 2=C,uN I* SuK2
C IC2=ULK I*C UK 2
Ia-CAL. LT.u. )GC Tn 20
IFCSAL.oToe04)GU TO 20
CNT='15. *CAL/ SOKI/ SUKZ
CALL HANK(UK1,HO,H1J
0HO=DKI *HO
OH I= U Kl*H
OKS=LUK i+0)K2
CALL HANK(LuKS,SI-C,SHl)
C SH)=fOK S *5 HO
LSH1=US*'SHI
S211CNT* SK2* h0-USH +iCoK2*LH±+COK1*uhF-F1-CCP*Clc2
RE T JR N
20 C0,NT INUE
Sill=-uvHlIACCP*CUK2
S2-=( iH- CC P*CUK2 J *CU~i
S22= C UOK2*UHh0OCLK2*UHFri +CCi; ) *LjKlI
CKS I= UKl ** 2
AL=1.5:7C79(6
IF(CAL. Nt. J.I AL= ATAN2C SALt LtL)
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AL= AtS( AL)
F I T =1 N .P
I P=I 'AP+ I
IF(AL.GTo2.JkA-1 TO 82
TK=. J
D:J 83 1 = 1
TKS=T K**2
RK=S, RT (UKS1+2. *UK1*TK*CAL+I Kfl
CALL HANK(RKHO, Hl)
F (J I Hi
TK=TK+L)K2/ 2.
8) CCOhTINUE
O"KS2LbK2*x2
SA=I.4+SuK2-/UK2tt.*b.UKe-1,)/LNrS2
S6i3.*(1.CK2)/DKS2-4.*SLtQ/UN2
S12=Si2+OU)Kl*(SA*F(1i+S*F(e)+S(L1F(3))
S21=S21-(SC*F1)Si3*F(2)+SA*F(3fl)
S22=S'2(SA*Fi I )+S6*-( 2 )+SC*F U))
Gu TO 138
82 CON T INU E
JT=)K 2/FIT
TK=. 0
Sx=( .0, .01
SA2=10C,.0)
SGI =-I.
j'. 90 I=191P
u=SGI+3..
TKS=T$K**2
RK=SQ)RT(uKSIt2.*CK1*TfS*CAL+TKS)
CALL HANK(RK,t1HI)
S 1=S IN ( UK-TK)
S2=SIN( TKI
S XI= S A+ S1*HC* D
S zS X2 +S2 *H0*U
S01=- SUI
TK- TK iUT
90 COJTINuE
SXI=S XI *)T /3.
Sx/e=SX2*t)T/3.
S21=S21-SX1
S22=S2L-SA2
S12=Sl?+CL)Kl*SA2
S1L=Sli+CJKI*SA1
98 CONT INU E
JP= IP
Y 1= (., ,.0)
V 12 =(.J 3, ))
Y21=( .01.01
Y22=(.O,.O)
8=. 0
I)-tALoLT..05)GC TO 210
ALT=AL/ 2.
CA4L T= CO S (ALT)
SALT= SIN (ALT)
RCP=( uKl+uK2 )*CALT
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PSP=( LK2-UK1)*SALT
PHC=A T4N2( RSP, RCP)
Sul=-I.
PH=-ALT
OPH= AL /F! T
tiC 200 I11P
u)=SGI +3.
IF( I.E(.1ID=1.
5AP=SlN (ALT tvH)
SAM=S I N IALT-PH)
I&(PH.LE*PHC)RMAX=Gil*SAL/S fr
1F(PH.GT.PHC)RA=UK*SAL/SA-
US[s =RmAX/F IT
PRK=.O
Stij=-i.
UYZ 11=1.0 01
CY22= C. C)
00 LXt) J=1,JP
C= sti 1J*
flHJ. W.)C=1.
I HO . L .JP j C=1.
C ALL AHAAiK( kK 91<K- 1
S K=K* SAIIAISM
TK=RK*SAP/SAL
C 1=COS ISK)
C2=CJS(GtIj(-SsN
S 1= SINf()K Ut-TK
S 2 = SI, 4~ T-, )
FUN=C:* K,11
UY11"=U)Y12-UN*L1*S2
LGY2 1y21+lfU'.*C&2*Si
JY _2=uY 2+i-jN*C2*S2
SGJ=-SGj
P K= RK +UiK
100 CONqTlNjE
B= SAPL' RUK*C
Y1I=Y1L.-3*LUY1I
YzcAy21+b*uy21i
Y22=Y21'+i*DYL2
PH=PH L)P H
SGl =-ScI
200U CONTIU E
210 CGi,4TI NU E
CNT=15. /SDKI/SUK2
511 =C NT* ICAL*S 1 +B*Y 11
S12=CNT*(CAL*S12*B*Y12 i
Sil-CNT *(CAL*S~j 1*~Y,21 1
S2Z=CNT*(CAL*S22,B*y22)
R LT UR N
LrJu
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Subroutine SMM3
SUB3ROUTINE~ SMM3( XlvYlX~tY2,X. qY3,X49YA,
L'UK1,UK2qS11,SI29S21,S22)
COMPLEA SIISl2tS219SZZ
COMPLL A tT 1ET 2
CCM~PLEX H09HI.
DIMENSION CCI(3C ),SS1(301 ,CC 4 .) ,SS2( 3C)
S 11=1 *01.0 I
S 1z= (.0 ,.0)
S21=( .392.0)I
S22=(.0,.0)
CBLT C X2-Xl )/0K1
SbET=(Y2-Yl)/DKI
XA= (X3-A ) *Ct3ET+(Y3-Y I *S3ET
Xb C A 4-XI)*ChET+ CY4-Yl)* SIET
YA=-(x3--Xli*SBtT*(Y3-Y1J)*CdLT
YB=-( X4-Al )*St$ET+ Y4-Y 1) *C BET
CAL=( XB-XA ) /UK2
SAL=( flb-YA4)/UK2
RMI N= 10000.
XA4
Y=YA
00U 40 J=19 2
YS=Y'**
xp=*0
uO 35 1=1,2
)x~X-Xp
R=SwRT I IX**2+Y S)
IF(RLTRMINIRM'IN=R
AP=DIs
35 CONTINUE
A=XA+DI2 *Ct~L
Y=YA+UK2*SAL
40 C UNrTINU E:
ISS=z .UK1/RMIN
I SS= ( ISS/.2 )SS
I F ( I SS.(T 10 a2) I S S =0
FSS= ISS
I Sw= I SS+l1
U S= J( I/ F SS
ITT='+.*DK2/RMI N
ITT=2*( ITT/2I
IF( 1TT.LT.2)ITT=2
IF(CITT. GT*1OIJITT=1C
F TT =ITT
1.J=uNr2/ FTT
C = 1+.
Ci:l(1I=C*CCS(U,1-XP)
S52(1 I C*SIN.XPI
S &J =- SGN
AP= XP + JS
50 CONT INu E
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UX=UT*CAL
UY=uT *SAL
A=XA
Y=YA
TK=. 0
SGJ =- 1.
DO 2G3 J=1,ITU
D=SGJ +3.
IF( J. Etj. 1) L)=!.
IF(Jo EweITwAU1l.
CTl.=u*S!N(bK2-TK)
CT2'=J*S I l( 1K)
AP=.3
YS= Y*2
ET1=( .0, .0)
T2.Uq.0)
DUi 100 I=1,ISQ
DELX=X-XP
FRK=SwRT ( ELX**2+YS)
RUT=(UELx*CAL+Y*SAL)/is
Cl=CCI( I)
s1=ssI( I)
C2=CCZ.( 1)
S2= SS2 ( I
CALL HANK(RKH0qhl)
ET1=ET1-(Sl*HO*CAL+Ci*h1*ROT)
ET2-ET2-(S2*HO*CAL-C;2*I*RLT
1330 CUNTINUE
S1I= SI1+CT 1*FT 1
S12Z=S.I111+CT 2 *LT I
S21'=S21+CT1*ET2
S22=S22+CT2*ET 2
ScJ=-ScJ
TK=TK+uT
x =x+ux
yY +L)y
2300 CUNTINUE
CST=( 1'./9.*U-'S*T/SI (Ki )/Si'4(0K2)
Sll=CST*S11
Si12=CST*Sl,
S2!=CST*Sil
S22=CST*S22
R TU; N
ENO)
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Subroutine HANK
SUoP*]JT INE H-NK( XH, lHi
COMPLEX HHl
L)ATA TSP/.63662/
X =A t3s Cx)
IH-X. .T. 3.)GJ TC 100
XL 14=A LUG (.5*Xl
R~.~ 4 R k1
R 6 R, -R 2
1FR 1 9 UT o. . I 2 C 7
Y=. 2 3 3(.0 1'R 6- 7Ii 35 CL*R 4+. 6 G5D-,94* R2 +o 36 744:7
Y =Y tTSP *XLN*b
Y 1= Y 1+T SP*XL ',4 31
H=CMPLA C U, -Y
H I=CA PL X (B Iv-Y 1)
R. ET U4' N
50 CUNTINUE
.4 8=R * P 4
R 12 =R k 6
2 +.2 5 001 k6- .743 504* 4+. 6 Cr94?K2 +. 3 67 Z:67
2-. --9 -,2 E*R '1. 3 c k i-.5te R 2 .' 5)E*
V A (o 2767-E-2*,Rl2-. 4CC76E-i*K10)+. 312 3S5'R8
2- le 31 64 8* &+ 2. 16E2 7 4K4 +* 22 12 C9"; 2-..6J Z/x
Y=Y+TSP*XL 4*L8
YI=Y1+TSP*XLN*dl
H =CMPLX( C9-Y )
HI=CMPLX CUI,-Y 1)
P L T URN
100 CUN T I NJE
S A=S 4R T ( X)
R1I= 3. / X
kZ=Rl*R 1
R3=RI*P2
R,'=R2*R2
R5=R3*R2
R6=k 3*R3
F=14 6E 3 6 * 2 0 E-ik + i)2 7 -* ,
e-.'7512t-4*3-.527t-Zk-.77-*1+.757E85
T=li 5 L 3 R -i 3 L P -- 4 2 E 3 R
2+.i62573E-2*R3-.2954L-4*kP2.4.U6b4E*Rl1.753S3+X
L3= -'CJS (T)/ Sw
Y=F *SI NCTi / Sv
- 0 3-E 3 R; .116 E 2 k1 -* l
4+115-*3*697:-*2.5E5R+778
T=-. 291 66t-3*Rb+. 79844E-3i* 5+. 74348E-3*R4
61=F*CUS CT) /Sw
V1=F*SIN(Ti/Sw
H=CMPLX C 6,-YJ
H=CMPLX CU1,-lI)
RETL.0 N
ENU
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Subroutine XHANK
SUbRkJUTINE XHANK(A,Xrl)
CJMPLEA XH
COMPLEX G(57)
DATA G/
.( 0.0 3, 0 0 ~ 20))( .C04994, 0.64~ 95),( 0o019900, 0.664765),
. . ) 4,496 C.b879;31 J( GC7841, C.712349) ( 0.121134, 0.735736),
.( u
.
i72020, 0.756234),t C. 3C297, C.772274),( 0.295073, 0.782515),
.( 0.36!354, 0.785814i,( 0.44C050, 0.781213),( 0.517992, 0.767932),
.( 0.39796&, u.7453641,( U.57~530, 0.713C76),( 0,758725, 0.7C806),
.( 0.836904, 0. 18463), 0.911633 , 0.55125),( C.9822CC, 0.484035),
.( 1.046729, 0.402597),( 1.104198, 0.312372), 1,153449, 0.214066),
.( I.o9 41, 5.10C.527) ( L l2 3118,-C.033272 ,( 1.241706,-0.12236 ,
( lo24845 , -C 24117 2) 1 . 42725, -0* 364791 ( 1. 224128 ,-0.489743),
.( 1.192324,-0.614605),( i.14718b,-C.737925),( 1.C8874C,-0.85b224J,
. 1.017178, -o 974021 ) , L 32857, -1.0838 6 9 ( 0.836299,-1186275) ,
( J.728191,-i.279913i, 0.t093 -.1.363450) ,I 0.480824-1.435656) ,
C 0.34.678,-1.4954C9),( C,199189-!.541694),( 0.0487221-1.573635),
.(-'.)106 t8 -1.590497), -0.,c4173 ,-1.o5917C21 ,-0.42341 8,-1.,576836) ,
7(-0o18Z314 - 1. 5 8654) (-C. 739152,-1. 9C4 ) ,(- E 3 3.o922C9,-1 . 434272 ,
.(-i.039768,-1.3544891),-1.18C140-1.259230),(-1.311676,-1.149158),
.(-1.43276,-1.025115)(-1.542001,-C.888112J,(-1678-4,-0.739318),
.(-.719193,-.380063) |-1.78478s-C.Z'11793),(-1.633591,-0.2361CT7
.(-io 4861,-C.054691),(-1.677910U 0.130665),(-1.872264, 0.318107)/
x=AS (X)
IF(X.UT.5.6)GO TO 100
Y =13.*A
J=Y+1.o
IH-J.LT.2)J=2
IF(J.GT. 5)J=5
JM=J-1
JP=J+1
FJ=J
YJ=eJ-1.
Q=Y-YJ
iT=,J/2.
C=wT (-1. l
U=.T* ( +1,
E=1.- **2
AH=C*G( JM)+O*G(JP+L-*G(J)
RETURN
100 CONTINUE
SN=Sw. T(X)
RI=3./X
R2=R!*R1
R3=RI*r2
R4= *k2
R5=R3*R2
R!=R3*R3
F=-O.20033-3*R6+,.1135---2R-2 .9511E-2*R4
2 +.1710E-3*R3+. 16567-* 2+. 156E - 5)1+.7978t5
T=-,29166E-3*R6+.798 4-3*R5+.74348E-3*P4
2-.637679E-2* 3+,565L-4*RZ+.12499t*R1-2.35619+x
BL=F*COS (T )*Sw
V~l=F.*Sl N (T*SW
AH=CMPLX(B13-Y1)
PETURN
ENU
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Subroutine CFF
SUbROUTINE CFF(XAYAXBYBIOKCPHSPHEP1,EP2)
COMPLEX EJAtEJB,EP11EP2,SQJtCST
SQJ=30.*(1.1.)/1.414214
XAB=XB-XA
YAB=YB-YA
CA=XAB/DK
Cd=YAB/DK
G=CA*CPH+CB*SPH
P=CB*CPH-CA*SPH
GK=P**2
EPL=(.O,.O)
EP2=(.Ot.0)
IF(GK.LT..001)GC TO 200
A=XA*CPH+YA*SPH
B=XB*CPH+YB*SPH
EJA=CMPLX(COS(A) SIN(A))
EJB=CMPLX(COS( ),SIN(B))
SDK=S IN(DK)
CDK=COS ( K)
SGD=SIN (G*DK)
CGD=COS (G* D K )
CST=SJJ/(P*SDK)
EP1=CST*EJA*CMPLX(COK-CGU G*SUK-SGD)
EP2=CST*EJB*CMPLX(CDK-CGU, SGC-*SDK)
200 CONTINUE
RETURN
END
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Subroutine. SKETCH
SUBROUTINE SKETCH(XCCORYCCCORNPLOTtHPATNSKIPSNSYMBwNSI ZES,
1 IUNITS)
COMMUN /8LK1/ KNTPLT#ANlbYNEw
DIMENSION XCCOR(1),YCOOR(1)
KNTPLT=KNTPLT+
wRITE(6,335) KNTFLT
IF(KNTPLT.EQ.1) GO TU 3
CALL. CALPLT(XNEi,YNE q-3)
3 CONTINUE
XMAX=0.
YMAX=O.
00 '4 I=1,NPLCT
ATST=xCOUR(I)
XATST=AbS(XTST)
IF(XATST.GE.ATST) XMAX=AATST
YTST=YCOCR(I)
YATST=ABS( YTST)
IF(YATSTeGL.YMAX) YMAX=YATST
4 CONTINUE
LMAX=XMAX
IF(YMAA.GE.XMAX) ZLAA=YMAA
SCALE=ZMAA/( C.2*HPAT)
HAL-F=0. 2HPAT
CALL CALPLT(-HALF,-HiALF,3)
CALL CALPLT(HALF,-HALF 2)
CALL CALPLT(HALFHALF,2)
CALL CALPLT (-HALFHALFtd I
CALL CALPLT(-HALF,-HALF,2)
CALL CALPLT(-HALFC., 3)
CALL CALPLT(HALF,O.,2)
CALL CALPLT(0.,-hALt3)
CALL CALPLT(O.,HAL L,2)
CALL LALPLT(0.,0.,3)
XCOIOk(NPLLJT+1 =U.
XCOOR(NPLT+2i)=SCALE
YCCJCR(NPL(OT+1) =0.
YCUURkNPLOT+2)=SCALL
CALL LINPLT (XCCOR, YCUCR, NPLCT, 1, NSKIPS NSYME,NSILES,0)
IF(NSKIPS.LTO) GO TO 5
STX=XCOCR(NPLCT)
STY=YCUOR NPLOT
STX1=XCOOR( l)
STY 1=YCOOR ( 1 )
CALL CALPLT(STX,STY,3)
CALL CALPLT(STXiSTY'1,2
5 CONTINUE
H6T =J .0 15*HPAT
XSC=-HALF
YSC=-HALF-0.07 *PAT
IF(IUNITS. E .2) GO TU 6
CALL NUTATt(xSC,YSCHGT,1SHSCALE, CM/IN = ,0.,15)
XSC=ASC+(90./7o )*HGT
GC T2O 7
6 CALL NOTATE(XSC,YSChGT,16HSCALkt wVL/IN = 90.,16)
XSCX=SC+(96./7.)*HGT
7 CALL NJMBER(xSCYSC,HGTSLALE,U.,4)
CALL CALPLT(0. 0.,3)
XNCn=.b* HPAT
YNE=O.
RETURN
305 FORMAT(25H +++++++++++++ KNTPLT= 13)
ENJ
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Subroutine DBPLOT
SUBROUTINE OBPLCT(FPATKIISKIPPT ISILEPt
I THTA AEPH1, AYPEPH)
C
C ************** ************************ ******* **** *****************
C * *
C * PURPJSE TO USE CALCCMP cwUIPMENT TO PLOT MAGNITUDE ANU PHASE *
C. * VARIATICNS OF A SIJNlLE CCMFCNENT OF THE RADIATICN *
C * FIELL AS 4 FUNCTIUVN OF ANGLE *
C *
C * INPUT JATA HPAT=5.*I(AUIUS OF PCLAR PLOT, INCHES) *
C * FOR TYPE 400 PAPER, (-PAT.LE.10.) *
C * FCR TYPE 300 PAPER, (HPAT.LE.28.) *
C * TC OBTAIN POLAR PLCTS IDENTICAL TO PATTERN *
C * RtCCRUR POLAR PLOTS, USE HPAT=18.75 *
C * KI=NUMdLr Ut- PCINTS TO 3E PLCTTED *
C * ISKIPP=1 FJK SYMBUL EVERY DATA POINT, *
C * ; FCR SYMUL EVERY OTHER DATA PCINT, ETC. *
C * ISIZLP=1 rOR SfALLEST SIZE SYMBCL, 2 FCR MECIUM *
C * SIZE SYMdOL, AND 3 FC5 LARGEST SIZE SYMBOL *
C * THTA=AR, AY CUTAINING THE ANGULAR VALUES (UEGREES) *
C * FUR AHICH THE FIELD IS TO BE PLOTTED. FOR A *
C * CUVPLETE POLAR PLOT, THTA(1)=0., THTA(KI)=360.*
C * AEPH1=ARRAY CF MAUNITUUE VALUES (06) CORRESPONDING *
C * TO A1IGLLAR vALUES IN ThTA ARRAY. VALUES *
C * MUST Llc BLTwEEN 0 C B (MAX) AND -40 DB (MINI*
C * PEPH1=ARRAY CF PHASE VALUES (CEGREES) CCRRESPONDING*
C * TC ANGULAR.VALUES IN THTA ARRAY. VALUES *
C MUST LIE BETWEEN 180. (MAX) ANO -180. (MIN) *
C *
C AEY IS AN ARRAY USEU FGR INTLRMEDIATE CALCULATIONS
C *
C * RESTRICTIONS THE ARkRAYS TrTA, AEPHI, PEPH1, ANC AEY MUST *
C * bE DIMENSICNzu AT LEAST AS LARGE AS THE VALUE *
C * (KI+2) IN Trt CALLING PROuRAM. CCMC /3LK1/ *
C * KNTPLTANL tAfNEW MUST ALSO APPEAR IN CALLING *
C FPROGRAM *
C. * *
C
C:OMMON /3LK1/ KNTPLTANLt,*YNEv.
D IMtNSION THTA (1) AEPh ( L1) ,AtY (1) PEPHI( 1)
PI=3.1415926535dS793
RCN=PI/180.
KNTPLT=KNTPLT+1
wPI TE(6,305) KNTFLT
IF(KNTPLT. L.1 ) GO TOU 91
CALL CALPLT ( XNEVNLN -3
191 CCNTINUE
STA=3). 375*HPAT
STY=0. 00375*HPAT
STH=j.015*HPAT
CALL NUMBER (STA STYSTF, G. ,0.,-1)
STxl= STX+J. 012it*HPAT
STY= ST'+O. 010*HPAT
STH 1=. O06*#HPA T
CALL NUMB(STXIl S TTYiST-i,C.,0.,-1)
ST =-0.016 75* HPAT
CALL NUMBEK(STXSTYSTF, cO.,.,-I)
STA1=STX +0.0357*H PAT
STY1=STY+0.010*hPAT
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CALL NUMr3EP (ST x1, STY'A,#STI-1 9.,U,-
STX=-O0. 0 1071*-sPAT
STY=,)i75*H PAT 
CALL NO.MO~k( STX, rYiSTI-,OCoCet-l
STA1= STx*G. 0Z571*HPAT
STY 1STY*0.010*HPAT
CALL NUMt3ER(STX,STY1,STI k;,.,-
STA=-0 0 2 49f,*HP&T
STY=-C,.007r*HPA6T
CALL NUMBER(STx(,STYpST-180,,0.C1)
STX I=STX0,.C)-4e 57*H PAT
STY I= STYrtO.010*F. PAT
CALL NUMi3P( STXI, STYISTI-1 ,0.,j.,-1
STX=-3.0 171ft*HPtAT
STY =--3. 22*HP AT
CALL NUMt3ER(STX,STY,STI-,Z70.,0.,-1)
STxi=STX*U.0 357*HFAT
STY 1 =STY iD 01O*HPAT
CALL NUMbiER (STXlSTYiST-1,0j.sj.,-1)
SRHULj25.
SRHGI= S;.H- IL;*RUN
SRKAL)=0 0 202 *HP4T
STA=-SRAO)*SI N(SRI-C)
STY=SRAU*C US (S PH-i)
CALL NUMBER( STX,STY,STI-,0* PSRHOUU,-1)
CALL NOTATc( STX, STY,STf-,'4H LktSRHOD94)
SRAU=0. 1525*HPAT
STA=-SRAJ* SIN( SRIC)
STY=SkAU*CGS(SRI-U0)
CALL NUMdLR(STA, Th,ST--1C.,SPH-iU,-i.)
SRAu=C. 102 5*HPAT
STA=-S8ALu-S1N( SRIsC)
STY=SRAU)*CUS CSRH0)
CALL Nulf3R( STXjSTY i STFI--~0.SRHUI-1I)
SRALJ=C. 0525*HPAT
STA=-SRAJ*S INCSRI-C)
STY=SPAU*CCS (SRI-C)
CALL NUM JLR(ST)X,STYSTht-30.,t R,0D,-1I
HRAUC. 2*hPAT
CALL CALPLT (HRA,.,--)
LLNU=6
[USkHD=P I/FLOAT (LENUI)
06 19 ) L=?,qLLNL
LM1=L-1
DSRHL 1=USR HC*F LCAT (LiJ
SLUx1=H-RA0*CO1S(LSRI-Ol)
SUY1=HRAJ*SIfN( LSRHUI1)
CALL CALPLT(-SCX1,-SUyi,J)
DSRHri12=bSKH0*FLCAT (L )
SUx2=H.A0*C0S( LSPH02I
SuY2=HRAU*S I NCUSRHC2)
CALL CALPLT( SOX2tSLY ,3)
193 CUNTI NUE
CALL CALPLT(C.,C.,37)
K(END=4
SURU= HAAU/ILUAT (KENU)
OU i95~ K=1,KENG
XX0=SJRu*FLCAT (K)
CALL CIRCLE (XXCq0.)*t36C. ,.XACtAX0,
195 CONTINUE
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T IiT A1 =T H-T A ( KX 3 *R i N
AEPH2=AEPH1.(KA)+40.
AEPH1(KA3=(AEPH2/udBPINJ*CS(TITA1I
AEY(KXJ=(AEPH2/LOPIN)*SIN(THTAI)
221 C JNT IN U E
AEPHI (K 3+1 =0.
AEPIII(KI+2)=1.
ALY(Kl+)=0.
AEY (K I 42 j.
CALL LINPLT(AL PHj,AEYIKI t19ISKIpp, 1,IS ILEP9CI
AXNE o= -0 . 2* H PA T
YN E iv= -0. 2 * HPA T
K NT PLT= KNT PL T+1I
wRITE (6,305.) KI\TFLT
CALL C4LPLT(XNEWjVNEhj,-3)
CSTCE=0.4*hPAT
LmVvi=360. /LSTCE
XTM4Aj= . 2S*USTCE
XTM I* ATAAJ/9.
ST H = 0 02 *HPAT
CALL 4 XESCO. ,&.,2'.,uSTCE,(j.,ut~vvl.,XTMAJ,XTt~'IN,14HTHETA, DEGREES,
I STH,-I41
GST CL=0. 3*HPAT
DGVV2=36C./)STCE
ATMtJ=0. 25*-USTCE
XTM' I i=/ TM'AJ/ 9.
CALL AALES(0.,0,,90.,USTCE,-IdU.,Dj)VV2,XTMAJ,XTMIN,
I 14HP'HASE, J)EGRtESSTHqj43
ASGPL= (0.4*HPA T )/12*
YS.,RU.=(0. 3*HPAT )/4.
C ALL Gk IL)( .,LtKSU t Y SG,~t12 4)
TTrAC KI +! =0.
ThTA( KI +23 =iUVV1
PEPHi (KI*-1)=-1?30.
PEPHI (KI+23=OU)VVz
CALL LINPLT(THTA,PEPH1,iSI,iISKIPP,1,ISILEP,0',)
XNLri0. 84riPAT
YNE4L =0. 62*HPAT
R ET UR N
305 FUkMAT(ZTh . . . . .. .+. KNTPLT= 13)
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NUMERICAL EXAMPLE
The purpose of this appendix is to present a numerical example which illustrates
the application of the digital computer programs presented and described in appendix A.
The example is the computation of the roll-plane radiation patterns for case 3. In the
example, the frequency range is the interval of 5.250 GHz to 14.000 GHz, with an incre-
ment of 1.750 GHz. Consequently, FMCO = 5250., FMCD = 1750., and FMCF = 14000.
The two annular slots for case 3 require four equivalent narrow axial slots; consequently,
NPORT = 4.
The cross-section profile, shown in figure 8, is initially described, as shown in
figure 13, by 55 coarse points; thus, NPTIN = 55. In figure 13, the numbers between any
two consecutive points specify the number of segments to occur between the two points
by subroutines SPLFIT and SPFIT2. As noted in appendix A, the number of points gen-
erated between a pair of consecutive points is one less than the number of segments that
occur. In figure 13, coarse point 27 appears to lie in an approximately linear region of
the profile; consequently, point 27 is chosen as the point for initiation of the spline fit
procedure; that is, ISTART = 27. Other input data for the example are that MADM = 0,
KI = 361, KWRT1 = 1, KWRT2 = 1, KWRT3 = 1, ISKIPP = 15, ISIZEP = 1, and
HPAT = 18.75.
Input Data Cards
A listing of the input data cards for the numerical example is on the following page.
The first card contains, in sequence, the values NPTIN, ISTART, NPORT, MADM, KI,
KWRT1, KWRT2, KWRT3, ISKIPP, ISIZEP, HPAT, FMCO, FMCD, and FMCF.
The next four cards are cards which specify the port index I, the coarse point
index JVGS(1), and the complex voltage strength VGS(I) for each of the four equivalent nar-
row axial slots which excite the configuration. The first two cards apply for the annular
slot located at B 1 (see figs. 1 and 8) and the second two cards apply for the annular slot
located at B 2 .
The next 55 cards specify identifying integers and the X- and Y-coordinates, in cm,
of the 55 coarse points. The first of these cards is for coarse point 1, the second for
coarse point 2, and so forth. In particular, on the Ith card are the identifying integer
IGNORE, the X-coordinate PNTIN(I,1) in cm, and the Y-coordinate PNTIN(I,2) in cm
of the Ith coarse point.
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5 27 4 61 1 3 1 1 I 1.75 52 0. 17 r. 14- 0.
S 1.002 3.
2 9 -1.000 0.
3 29 -1.000 0.
a 3 I8.OOC 0.
9.610 0.000
30oot 9.388 0797
1002 9.369 . 866
- 003 9.350 .914
3C0 9.027 1.2 58
00' 9.165 1.600
1006 9.073 : .932
7 s07 8.190 2.266
9009 8.942
8 6.720 :.2u
14 7.680 60 21o
18 7.190 .1S l
22 6.310 9 0
26 5.200 11 .500
30 4.000 12.81a
34 2.580 14.020
37 1.3CO 14.6 0
41 .oo 14.800
4 3 -1.300 14.6,0
-- Z7"8 ..... 560 "-I 20
52 -4.00o 12. 10
56 -. 00 11. 00
60 -6.310 9 ;.3 .
64 -7.190 e. IO...... - ---- -- --&-.2 o . .
68 -7.480 6.210
-- - -- '72 .. ..Y ... . . . ... .. ...
74 -8.720 3.200
7011 -8.942 .aD2--  T o - 3 . 3 "'-2  3-a . . . . .
3013 -8.980 2.266
1014 -9.073 1.932
1015 -9.165 1.600
1016 -7.257 1268
1017 -9.350 .923
3018 -9.369 0 866
i019 -9.388 0.79
81 -9.610 -00,O
88 -10.900 -3.?00
91 -13, 00 -4.29094 -1C.00 - *200
97 -9.90C - 'lC
100 -8.00c -6.640
104 -6 000 -7.050
108 -4.000 -7.280
112 -2.000 -7:400
116 3.000 -7.480
12 2.3000 -7.
124 4.003 -7.280
128 6.0C00 -7.00
172 8.0oo -6.0
13 9.530 -6.1 0
138 I 0.600 -. 20'
141 13.800 -4.250
144 1 .500 -2°209
151 9.610 0*330
7444 44 4 44 3 n 3 7
The last two cards contain the IDIVD array data. There are 54 integers (NPTIN-1)
ihich constitute the IDIVD array data. The first value, IDIVD(1) = 3, indicates that three
;egments occur between coarse points 1 and 2. Thus, subroutines SPLFIT and SPFIT2
;enerate two points between coarse points 1 and 2. The second value IDIVD(2) = 1 indi-
ates that only one segment occurs between coarse points 2 and 3. Consequently, sub-
'outines SPLFIT and SPFIT2 generate no additional points between coarse points 2 and 3.
L similar interpretation is given for the remaining IDIVD array values. The sum of the
DIVD array values is 166; thus, the IDIVD array data cause 166 actual points to be pro-
luced for use in subroutine TESLOT. A plot of the 166 points is given in figure 8. The
.ew indices for the four equivalent narrow axial slots are also given in figure 8 and in
able I.
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Execution
After the input data cards are read by the main program, execution occurs. The
printer output data follow:
NPTIN=55 ISTART=27
10IVu ARRAY VALUES
3 1111111 1 3 6 44444444444444463 11111 1 1 1 3 7 3 3 3
34444444433337
NPOINT MXNPT NPORT MXPORT MADM KI KwRT1 KWRT2 KqRT3 ISKIPP ISIZEP HPAT FMCO FMCO 
FMCF
Ibs 170 4 ' 0 3 1 1 1 1 15 1 18.75 5250.0 1750.C140C0.0
.+++ .++++++++. KNTPLT
=  
I
LGCATION OF POINTS
POINT At CM. Y, CM.
1 9.6100 0.00C0
2 9.5366 .2658
3 9.4620 .5313
4 9.3680 .7970
5 9.3690 .dt60
6 ;.3500 .9j40
7 9.2573 1.26d8
8 9.1650 1.coCC
9 9.0730 1.9.2J
10 8.9600 2.2660
11 8.9610 2.3340
12 8.944) 2.403C
13 8.8683 2.66e7
14 8.7943 2.9.43
15 8.7200 3.2000
16 8.5832 3.7Ce7
17 8. 487 4.20t0
18 8.3137 4.7C92
19 8.1757 5.2114
40 8.0320 5.7120
21 7.8803 6.2100
22 7.7232 6.0879
23 7.5562 7.1615
24 7.3783 7.6333
25 7.19C3 8.10O0
6 .9911 .5cC
7 6.7794 9.3016
28 6.5533 9.4617
29 8.3100 9.900U
30 6.0566 10.31o4
31 5.7666 10.7223
2 5o50CS 11.1171
33 5.2003 11.5000
j4 4.913' 11.5367
35 .6163 2.1it87
3 4.31 i 12.4016
37 4.0003 1.lCO
38 3.t660 13.1390
39 3.3213 13.4561
40 2.9510 1. 7520
41 2.5800 14.02CC
42 2.277C !4.197c
I I1.9o14 14.35-7
44 1.6351 14.4679
45 1.3300) 14.0CC
46 .9b02 14.c84'
47 .t559 14.7473
'8 .3287 14. 7d(,
49 C000J 14.8CCC
O -.. 287 14.765
:1 - o559 14.7473
-. 904 14.6d44
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APPENDIX B - Concluded
SHORT-CIRCUIT AuM1TTAtNCL MATRIA
POINT PORT PGINT PORT G, MILLIMHOS B, MILLIMHOS
5 1 5 1 C.OCCC0OO O.CO00OO00
5 1 11 2 C.CCGUCO00 C.CC000000
5 1 e7 3 C.0OCOo000 C.OC00000O
5 1 93 0.0COUGOu0 C. CCOCCCO
11 5 I C.CCCO00U0 O.C0000000
11 22 C.CCO60000 . 0OCCG0000
11 2 87 3 U.CCOCGJUOO C.CC00O000
11 2 93 4 .C0CU00 U0 C.CCCCOCOO
b7 3 5 1 C.CCOCOIJO 0.00000000
87 3 11 2 C.CQCO0000 C.CCCC0000
887 3 87 3 C.OCC000O C.CC00000
87 93 4 C.000C000 C.OCOO00000
93 4 5 1 C.CCCGO00 C.CCOOOOO
93 4 11 2 C.CCG00OOO 0.OCOCC00
93 4 87 3 C.CC1C000 0 C.CC00000
93 4 93 4 O.OC0000 O.CC00000
----------------------------------------------------------------
On output, the input data, except for the 55 cards giving the coarse point X- and
Y-coordinates, are printed first. Then, the indices and the X- and Y-coordinates of the
166 actual points generated by subroutines SPLFIT and SPFIT2 and required by subrou-
tine TESLOT are printed in units of centimeters. The statement KNPLT = 1 implies
that subroutine SKETCH has made a plot of these points and has given the scale factor
below the plot in cm/inch (on the plotting paper).
Next, computations and plots as functions of frequency are made. The printer out-
put is given only for the first frequency, 5.250 GHz. The printer output however is simi-
lar for all the remaining frequencies.
For a given frequency, the frequency and wavelength are written first, and a plot of
the 166 points (KNTPLT = 2) is made and the scale factor in wavelengths/inch on the
plotting paper) is given below the plot. Next, a write out of the geometry of the cross
section is given. In the write out, the X- and Y-coordinates are given in wavelengths at
the specific frequency for a particular point, say, point I, and the length, in wavelengths,
of the segment the end points of which are point I and point I + 1 is also given. The
voltage strength of a narrow axial slot is also given at the point at which the slot is
located.
Next, the computed radiation pattern is printed. In the program, PHI corresponds
to Or of figures 1 and 8, and for a given value of PHI, the real part, the imaginary part,
the magnitude, and the phase of the relative radiation field are printed.
Next, for a given value of PHI, the radiation field in decibels, the normalized radi-
ation field, and the radiation field are printed. The statements KNTPLT = 3 and
KNTPLT = 4 indicate that subroutine DBPLOT has made a radiation field magnitude
polar plot and a radiation field phase rectangular plot, both plots of which are functions
of Or. (See fig. 14.)
Finally, the short-circuit admittance matrix is printed. However, since MADM = 0,
this part of the write out is meaningless.
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TABLE I.- GEOMETRY AND EXCITATION DATA FOR APPLICATION OF RIEF FOR
COMPUTATIONS OF SPACE SHUTTLE ANNULAR SLOT RADIATION PATTERNS
[All linear dimensions are for 1/35-scale model]
Number of
Perimeter, points and Coordinates x,y, cm, of Phasor voltage strength, volts, and coordinates
Case Figure cm simultaneous center of annular slot x,y, cm, of equivalent narrow axial slots
equations
1 6 70.55 154 A = (0., 14.690) at P43 A V40 = 1/ 0°  at P40 = (0. 762, 14.690)
V46 = 1/1800 at P46 = (-0.762, 14.690)
2 7 70.58 159 B I= (9.165, 1.600) at P8 B i V = 1 / at P5 = (9.369, 0.866)1V11 = 1/ 1800 at P11 = (8.961, 2.334)
S= (9.165, 1.600) at PV5 = 1/00 at P5 = (9.369, 0.866)
1 8 B V11 = 01 180 at P11 = (8.961, 2. 334)
3 8 70.58 166
B2 = (-9.165, 1.600) at P B2  V87 = 11800 at P87 = 
(-8.961, 2.334)
 (-9.165, 1.600) at P0 B2
2V93 = 00 at P93 = (-9.369, 0.866)
4 11 142.86 178 A = (0., 11.500) at P48  A 
V45 
= 1/1800 at P45 = (0. 741, 11.766)
V51 = 1 L_! at P51 = (-0.741, 11.234)5
000
0 = 0 360
(r = 1800 A 36
pitch B
plane \ longitudinal axis
= 180 roll plane
,0 = 00 3600
,p' r = 2700
Figure 1.- Geometry of the Space Shuttle orbiter and location of the pitch and roll planes.
Strip vee dipole n
Vn  0 (n = , 2, . . . , N) if and
Strip vee only if Pn represents an infinitely long,
dipole n+1 narrow axial slot
Pn-l n-2
n
n+l Segment n-1 P33
Sn+2 Segment n 900 2
P
I1800 P =00, 3600 1
\2 P
Axis of cylinder
\ 2700 PN
\\N
Infinitely long, perfectly conducting
E cyli nder of arbitrary cross section
Figure 2.- Geometry for which RIEF is applicable.
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- 0 -
d1
E
SPlane of desired
radiation pattern
M
/V 1 = 1 /0/  Equivalent array
V = 1/1800 of narrowS2 axial slots
Infinitely long, perfectly
conducting cylinder of
S(d + 2 Axis of arbitrary cross section
M  + dl) / 2 cylinder
Figure 3.- Representation of an annular slot by an equivalent array of two narrow
axial slots for purposes of computing the specified radiation pattern.
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Annular slot
antenna
39.04 cm
22.28 cm
21. 60 cm
L-74-1070
Figure 4.- 1/35-scale model (cylindrical model) for obtaining
roll-plane radiation patterns experimentally.
71
ular sAnnula
ntenantennana
nAnnul
anten
(a) Side view. L-74-1071
(b) Front view.
(c) Oblique view.
(d) Model under test.
Figure 5.- 1/35-scale model (three-dimensional model) for obtaining
roll- and pitch-plane radiation patterns experimentally.
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Y, cm
16
Annular
4
4 4slot A
4 4
12 1 u c
4 (
SV 46 = 1 1804 4
4 4
4 44 4
+ 9 +
22.28 cm - -
+o
+ P
S+ 1
+
+ o X, cm
S1800o I
-12 -8 r 608 2
4
S0 o  Phase + P
+4 270 + 154+ center .
4 +
+ 4
-8
- 21.60 cm -
Figure 6.- Points describing roll-plane cross-section profile for case 1.
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Y, cm
16
. ++44 4-
4 +
4. 12 - + Annular
.4 + slot B1
4. +4 4
4 +4 V 11  L
+ + 0
4 +.
+ 0 +
+ 900
+ 4
4 +
P1
+00 x, cmI I 1800 - =  O
-12 t -8 0 8 + 12
4 4+ 0 
++ 0 Phase +
270 159 +Scenter r
++44 4++++++.4+4-4.++ 4.444.44..++444++" + + +
-8-
21.60 cm >
Figure 7.- Points describing roll-plane cross-section profile for case 2.
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SY, cm
16--
4444. Annular
4 4
+ 4 slot B14 4.
12-- 4
4 4
4 = 1
+ .+ 11+ 4
+ 8 + 522.28cm + Annular . V =
+ lot B2  +2 +
V 1/180 +
+1 8 9 0
+ 4
+ X, cm
I180 0 o- +
-12 . -8 0 r 6012
4 +
+ 270 center +
4+
166-  +
I 4
4444++++4444 4, 4I .. 44... 44.i.4... 44 ++++
-8
21.60 cm >
Figure 8.- Points describing roll-plane cross-section profile for case 3.
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90°
000
180 r 0
Theory (RIEF)
---- Experiment (Three-dimensional model)
~--- Experiment (Cylindrical model)
2700
Figure 9.- Roll-plane radiation pattern for case 1 (theory compared with experiment).
Frequency, 311.4 MHz (10.900 GHz).
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Frequency
150 MHz (5.250 GHz) 225 MHz (7. 875 GHz) 300 MHz (10.500 GHz) 375 MHz (13. 125 GHz)
Excitation __ _ ___] ____ ,,_ - -. __, __,__
r
(a) Case 1; r r r
annular slot -------- 1
at point A
excited
(b) Case 2; ,r r O,
annular slot -
at point B1
excited
(c) Case 3 r r r r
annular slots i
at points
B1 and B2
excited
Figure 10.- Computed roll-plane radiation patterns as function of frequency.
V51 ,= iO Annular
V45 =1 slot A go
++ 0
cm X, cm
I0 ++++ , -2 1800 0 p= 609
-50 ++ -25 25
Nose 22.28 cm +
++ +++~*4 +.++ +++++++++** .i ..4++178
Phase
--- Actual contour of center
model in pitch plane 2700
-25 -i
Figure 11.- Points describing pitch-plane cross-section profile for case 4.
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900
o -
Theory (RIE F)
--- Experiment (Three-dimensional model)
2700
Figure 12.- Pitch-plane radiation pattern for case 4 (theory compared with experiment).
Frequency, 155.7 MHz (5.450 GHz).
7979
16 Y, cm
• + + +19 
+
+ - IDIVD(15) = (4)
P 12 P15 + Annular
slot B1
22.28 cm + 8 + 
1
V9 = If180L
+ Annular V3 L= J
slot B
slot BIDIVD(11) = (6)
P2 7+ V29 = 1180 900 P1 1 ,+
32 V35 10+
i000 6- IDIVD(1) (3)i 1800 =  o I I !
-12 -8 0 r 8 12 X, cm
37 Phase 1 55
2700 center
I + 4
41 P5 1SP46 +
- 8 4 6 + 
+
-8 IDIVD(47)- (4)
21.60 cm
Figure 13.- A plot of the coarse points for case 3; that is, for the example
given in appendix B. The coarse points are indexed sequentially as one
moves counterclockwise from the positive X-axis. The IDIVD array
values are given for selected cases.
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30'
/
180 " . ,
( -- e g -
t ge / p \ B . p
2709
180
0 0 0
S l,
-180 8
0 90 !80 270 360
Or, deg
Figure 14.- Graphic output, at a frequency of 5.2 50 GHz, for
the example given in appendix B. The polar plot is a plot
of radiation field magnitude in decibels against the roll-
plane reference angle in degrees.
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